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SUMMARY
This research is concerned with the measurement and interpretation of ground 
displacements around three NATM tunnels forming part of the Heathrow Express 
Terminal 4 underground station and the prediction of these displacements using the finite 
element method.
Ground displacements, using precise levelling and multiple-rod extensometers, were 
measured as part of the construction process. In addition the displacement of the shotcrete 
tunnel lining was monitored using three dimensional displacement monitoring. This 
database of information was supplemented with ground displacements measured ahead of 
the advancing concourse tunnel using chain deflectometers and inclinometers. All the 
monitoring results were interpreted and typical ground displacement patterns around the 
tunnel heading were established. An unique set of ground displacement vectors in a 
longitudinal plane on the tunnel centreline was produced. Such a set of field measurements 
is extremely valuable for the benchmarking of 3D finite element analyses.
Based on the results obtained from the monitoring it was possible to evaluate the 
performance of the various instrumentation systems used. It was the first time that chain 
defiectometers had been used to measure ground displacements ahead of an advancing 
tunnel and their performance was very encouraging. Chain deflectometers provide an 
alternative for measuring vertical displacements and in addition provide horizontal 
displacements, which is unusual for horizontally installed instrumentation. The 
performance of the inclinometer system was also judged to be highly satisfactory and the 
use of sacrificial inclinometers ahead of the tunnel may usefully be considered for future 
tunnel instrumentation. The performance of the precise levelling and multiple-rod 
extensometers was adequate, while the performance of the in-tunnel lining deformation 
monitoring proved to be disappointing.
Both 2D and 3D finite element analyses were conducted to investigate the effect of the 
different categories of assumptions and simplifications inherent to the method. The finite 
element analyses showed that the initial stress conditions, material model used and the 
modelling of construction details all have a significant effect on the predictions. Although 
the prediction of displacements in the far-field was disappointing^or all analyses, 
reasonable predictions of the ground displacements around the tunnel heading were 
obtained with a 3D analysis using a non-linear elastic perfectly plastic material model.
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SYMBOLS
a material constant
A constant, axial separation between twin tunnels
As pore pressure parameter
B  constant
C constant, ground cover above tunnel
Cu undrained shear strength
D  tunnel diameter
E  Young’s modulus
Eu undrained Young’s modulus
Eu undrained Young’s modulus in the horizontal direction
E J  undrained Young’s modulus in the vertical direction
E"u(o.oi) undrained Young’s modulus in the vertical direction at 0.01% strain
Esec secant Young’s modulus
G shear modulus
Gmax maximum shear modulus
Ghh shear modulus in the horizontal plane for horizontal shear
Gvh shear modulus in the vertical plane for horizontal shear
Gsec secant shear modulus
Gp pressuremeter shear modulus
i horizontal distance from the tunnel centreline to the point of inflection on the 
settlement trough 
J  coupling modulus
K  trough width parameter, bulk stifrhess
Ko coefficient of earth pressure at rest
LF  load factor
n constant, portion of total overburden pressure
N  stability ratio
N tc critical stability ratio
/?L limit pressure
p  pressuremeter cavity pressure
Ap change in pressuremeter cavity pressure
IX
p  ' mean effective stress
pk pore water suction
P  length of unlined tunnel
q,J deviatoric stress
r radial distance away from tunnel
R  tunnel radius
Smax maximum settlement on the tunnel centreline
Sc settlement at the tunnel crown
Ss settlement at surface
Sx displacement in the % direction
Sy displacement in the y  direction
Sz displacement in the z direction
Vs shear wave velocity
V  cavity volume
AV  change in cavity pressure
Vexc excavated tunnel volume
Vi relative volume loss
Vs volume of surface settlement trough
Vt volume loss
Z o  depth to tunnel axis
a  material constant, constant
5 radial movement
Gi, 82, S3 principal strains 
Sq deviatoric strain invariant
Sc pressuremeter cavity strain
([) internal friction angle
y material constant
X unloading parameter
0 Lode’s angle
p bulk density
On loading on tunnel lining
Go in-situ total stress
Gho in-situ total horizontal stress
Gvo in-situ total vertical stress
Gr radial stress on tunnel support
Gs surface surcharge pressure
gt tunnel support pressure
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1. INTRODUCTION
The New Austrian Tunnelling Method (NATM) originated in the late 1950 s in Austria 
and Switzerland and was first formally discussed in a series of three papers by 
Rabcewicz ((1964a), (1964b), (1965)). The method was originally used for tunnelling in 
hard rock, and design methods for the tunnel support were largely empirical and relied 
heavily on monitoring during construction. It was however soon applied to shallow soft 
ground tunnelling. The first application of NATM to construct shallow tunnels in an 
urban soft ground environment was during the construction of the Frankfurt Metro 
in 1968 (HSE (1996)). Under these high risk conditions the support was usually designed 
based on conservative assumptions and the role of monitoring was essentially to verify the 
adequate performance of the tunnel and to monitor the behaviour of surrounding 
structures.
In order to advance and improve the design of NATM tunnels in soft ground it is 
necessary that our understanding of the soil-structure interaction at the tunnel heading be 
improved and that methods for modelling this problem and reliably predicting ground 
displacements around the heading be developed. This is, for example, important in 
improving understanding of the loading on the ‘young’ shotcrete lining in the tunnel 
heading if  the shotcrete lining is to be used as a permanent lining. The prediction of 
ground displacements around the tunnel heading is also necessary to assess the effect of 
tunnel construction on nearby structures and to improve the effectiveness of measures to 
control displacements, such as the use of face bolts.
The construction of the Heathrow Express tunnels forming part of the underground station 
at Terminal 4 provided an opportunity to use the results of the routine tunnel construction 
monitoring, as well as additional detailed monitoring of ground displacements in front of 
the concourse tunnel heading by the writer, to establish typical ground displacement 
patterns around two platform tunnels and the concourse tunnel. These results were used 
to benchmark 3D finite element analyses of the construction of a NATM tunnel. The 
findings of the research are presented in this thesis.
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1.1 The Heathrow Express Project
The Heathrow Express high-speed rail link project was initiated in 1986 as part of a study 
that investigated improving access links between Central London and Heathrow Airport. 
The study looked at different forms of transportation and a joint proposal by BAA pic and 
British Rail was approved in principle in 1988 by the Government (Finch (1993)). It 
comprised developing a main line direct link from Heathrow into Paddington Station.
The rail link runs on the existing British Rail main line from Paddington to north of the 
M4 from where 8 km of new railtrack was required to serve proposed stations in the 
Central Terminal Area (CTA) and at Terminal 4 (T4). Details of the layout of this section 
of the alignment are shown in Figure 1-1. The first portion of the line from the main line 
to just north of the M4 was constructed in cut and cover, but the majority of the 5.6 m 
finished diameter twin running tunnels were constructed using conventional open face 
tunnelling shields and were lined with expanded pre-cast concrete segments. At the 
stations the construction method used, largely due to the flexibility it offered, was 
incremental excavation using conventional plant with sprayed concrete linings providing 
primary support (Powell et a l (1997)), or in other words NATM.
To prove the technical and economical feasibility of NATM for the construction of the 
underground stations, with the emphasis on evaluating settlement control and improving 
predictions for the structures in the terminal areas, a trial tunnel was constructed during 
1994 (Deane and Bassett (1995)). The trial involved the use of three different excavation 
sequences. It was concluded from the trial that the method was practical and could be 
used to minimise settlements (Deane and Bassett (1995)). Based on the results of the trial 
tunnel it was decided to adopt NATM for the design and construction of the station 
tunnels at both CTA and T4.
Construction of the platform and concourse tunnels for both stations commenced in 
February 1994. Construction continued until late October 1994, when a major collapse of 
the platform and concourse tunnels occurred close to the base of the access shaft at CTA. 
The background to events following the collapse is discussed in more detail by Deane et 
ûf/. (1997). Deane and co-authors also discuss the reasons for deciding to continue using
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NATM for the construction of the tunnels at T4 after the collapse. It is the construction of 
these station tunnels at T4 which is the subject of this research.
1.2 University of Surrey’s involvement
After the collapse, all NATM tunnelling was suspended on the Heathrow Express project. 
Construction of these tunnels was restarted only after approval, based on restart proposals, 
had been obtained from the Health and Safety Executive (HSE). During the formulation 
of the restart proposal for the Terminal 4 station tunnels the University of Surrey was 
approached by Heathrow Express to critically evaluate the proposed monitoring 
programme. This also entailed evaluating procedures used for installation and reading of 
instrumentation.
While this work was in process the opportunity was identified to apply for additional 
funding to allow for the interpretation of the monitoring results, as well as to investigate 
the use of three-dimensional finite element modelling for NATM tunnel design. A 
research proposal was submitted to the Engineering and Physical Science Research 
Council (EPSRC) which was approved. In addition to this a further research opportunity 
was identified to measure ground displacements in front of the advancing concourse 
tunnel to supplement the routine monitoring data. The University of Surrey was awarded 
another research contract by the EPSRC to conduct this work. Part of the research 
conducted under these EPSRC research contracts is the subject of this thesis.
1.3 Layout of the thesis
The thesis is structured as follows. Following the brief introduction in Chapter 1, the 
findings of a literature review are discussed in Chapter 2. The purpose of the literature 
review was to investigate what the limitations for the design of shallow NATM tunnels in 
soft ground are and where this research can make a positive contribution. Chapter 3 and 
Chapter 4 provide the background information for the research. In Chapter 3 details of the 
geometry and construction of the platform tunnels and concourse tunnel are given, while 
Chapter 4 focuses on the ground and groundwater conditions at the Terminal 4 site. In 
Chapter 5 and Chapter 6 the details and the findings of the ground displacement 
monitoring and finite element analyses are presented. In Chapter 7 the ground
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displacement patterns resulting from tunnelling described in the literature, the measured 
displacement patterns, and the predicted displacement patterns are discussed and the 
findings of the research are presented. The main conclusions of the research are presented 
in Chapter 8. Tables and figures referred to in each chapter are presented at the back of 
that chapter throughout the thesis.
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Figure 1-1 Layout of the Heathrow Express rail link.
2-1
2. THEORETICAL BACKGROUND AND LITERATURE REVIEW
The NATM tunnelling method provides advantages in several situations, for example 
when constructing an underground station, and accordingly is used widely in the 
tunnelling industry. Confidence in the method was, however, severely dented after three 
collapses occurred in quick succession on major NATM projects. A critical review of the 
method (HSE (1996)) concluded that the method itself is sound provided the design is 
adequate and the construction process is properly managed. It is believed that the initial 
loss in confidence in the method is now being restored and because of the subsequent new 
interest in the method, the method could even be advanced further.
In order to take the NATM forward the relationship between deformations, stress 
redistribution and mobilised strength of the material around the tunnel heading must be 
understood and there should be methods available for analysing this problem. A literature 
review was therefore conducted to review the design methods, specifically focusing on the 
prediction of ground displacements resulting from tunnel construction. In particular the 
use of numerical methods for the prediction of ground displacements was investigated, 
considering the simplifications and assumptions associated with this method. With these 
assumptions and simplifications in mind, the benchmarking of the numerical modelling 
technique is discussed. Finally, shortcomings related to the prediction of ground 
deformations around NATM tunnel headings are summarised and the objectives of the 
research highlighted.
2.1 Tunnel construction methods
In recent years tunnel construction methods have evolved considerably and today can be 
divided into three principal methods, namely (Megaw (1982))
• boring,
• cut-and-cover, and
• submerged tubes.
Boring describes the method where tunnelling is from within, with the provision of 
necessary support and lining. Bored tunnelling and specifically the construction method
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referred to as the New Austrian Tunnelling Method (NATM) is considered in this 
research.
2 .U  The New Austrian Tunnelling Method
The origins of NATM are not entirely clear. Golser (1996) refers to a patent specification 
(Austrian Patent No 165573) in 1948 by Rabcewicz which gives a detailed description of 
tunnelling principles which laid the ground for the NATM. From 1956 to 1958 the first 
large diameter tunnels were built by Rabcewicz in Venezuela according to the NATM 
principles (Golser (1996)). A paper in Tunnels & Tunnelling (1990) states that the New 
Austrian Tunnelling Method was patented by Brunner in 1958 (Austrian Patent 
No 197851) and launched on a waiting world in 1959 by Prof Leopold Müller and L V 
Rabcewicz. It was referred to as ‘new’ to distinguish it from the old Austrian tunnelling 
method and was called ‘Austrian’ because Austrian engineers had the main share in its 
development. It was first formally presented in the literature in a series of three papers by 
Rabcewicz ((1964a), (1964b), (1965)). It is probably fair to conclude that the NATM 
evolved over a period of time based on experience gained from tunnels constructed in the 
Alps in rocks subjected to high in-situ stresses.
Since its introduction in the late 1950’s and early 1960’s, initially in a fairly specific 
tunnelling environment, its merits have been realised and it has been applied in a wide 
variety of tunnelling environments. NATM was applied for the first time in an urban 
environment in Frankfurt/Main (Katzenbach and Breth (1981)) and has since been used for 
the construction of numerous shallow tunnels in the urban environment. Its application in 
London clay was investigated through the construction of the Heathrow Express Trial tunnel 
(New and Bowers (1994)), Deane and Basset (1995)).
Following the recent collapse of NATM constructed tunnels at Munich, Sao Paulo and 
Heathrow (HSE (1996)), using the NATM for the construction of shallow tunnels in an 
urban environment has become somewhat controversial. This led to a review by the Health 
and Safety Executive (HSE) of the safety of NATM tunnels constructed in urban areas in 
soft ground (HSE (1996)). The review concludes that the application of the NATM in these 
conditions is not unsafe as such, provided that sound engineering practice is employed. The
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review also highlights the fact that lack of understanding of material behaviour at the 
tunnel heading, and subsequent deficiencies of design methods, could increase the risk of 
problems during the construction of NATM tunnels. This is confirmed by the number of 
failures recorded at the tunnel heading. Out of the 39 significant NATM incidents listed 
in the HSE report, the majority occurred at the tunnel heading and 18 incidents were a 
direct result of unstable ground at the heading. Although tunnel failure is not the subject 
of this research, these deficiencies also have implications for the estimation of ground 
deformations around NATM tunnels.
i) The NATM philosophy
The NATM was developed in a high stress tunnelling environment where it was found 
that excessively high loads were induced on the tunnel support if the support was too stiff 
or installed too early (or both). A more flexible primaiy support, comprising sprayed 
concrete (shotcrete) in combination with rock bolts or some other form of flexible 
support, for example steel arches, was found to be much more economic, while still being 
safe. Golser (1996) has noted that when these concepts were first introduced they were 
met with considerable resistance, the main argument being that thin shotcrete linings and 
bolting could never safely support the load of the rock mass. The fact that this form of 
support consciously utilised the inherent strength of the rock was therefore not appreciated 
in these early days. Kovari’s (1994) criticism that all tunnelling methods make use of the 
ability of the material being tunnelled to support itself to some extent, is true, but seen in 
the context of the approach to tunnelling in the early days of NATM, this was a significant 
step forward.
This approach to supporting tunnels in a high stress rock environment evolved into the 
NATM and it should be noted that, contrary to what is suggested by the name, i.e. that it is 
a tunnelling method, it describes a tunnelling philosophy. The Austrian experts originally 
involved in developing NATM are very clear on this point, and in several publications 
state that NATM is an approach to tunnelling and not a construction technique (see for 
example Müller (1978); Golser (1979); Brown (1990), Golser (1996)). NATM is defined 
in the original patent, of which an extract is published in Tunnels & Tunnelling (1990), as 
follows:
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The New Austrian Tunnelling Method (NATM) constitutes a method where the 
surrounding rock- or soil formations o f  a tunnel are integrated into an overall ringlike 
support structure. Thus the formations will themselves he part o f  this support structure. 
The following principles must he observed:
• The geomechanical behaviour must he taken into account.
• Adverse states o f stress and deformation must he avoided by applying the appropriate 
means o f  support in time.
• Especially the due completion o f the tunnel invert gives the above mentioned ringlike 
structure the static properties o f a tube.
• The supports should be optimised according to the admissible deformations.
• General control measurements and constant checks on the optimisation o f  the support 
must be performed.
The NATM philosophy therefore comprises a number of principles, subdivided into 
general principles and specific principles. The essence of the method lies in optimising 
the rock or soil deformations, carefully considering the following (Tunnels & 
Tunnelling (1990)):
• Deformation should be kept to a minimum so that the primary state of stability and the 
strength of the rock are not weakened more than is inevitable, but
• deformation is required to the extent that the rock formation itself acts as an overall 
ringlike support structure, thus minimising costs for excavation and supports.
NATM tunnelling therefore not only recognises the inherent load bearing capability of the 
ground, but is based on the principle of mobilising the inherent strength of the ground by 
allowing the redistribution of stresses in the area around the tunnel heading through 
controlled deformation. Too much deformation jeopardises the strength of the soil and 
results in large surface settlements and it is therefore necessary to obtain a balance.
This principle is schematically illustrated by the ground reaction curve (also called the 
load-deformation curve, the convergence-confinement curve or the Fenner-Pacher ground 
response curve) shown in Figure 2-1. The figure schematically illustrates the support 
pressure required to stabilise the tunnel after allowing a certain amount of deformation. 
The timing of the installation of the support is critical, since, depending on the
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characteristics of the support, deformations will continue after installation of the support. 
The ideal situation is to have a system that safely supports the tunnel at the lowest support 
pressure' i.e. at the turning point of the ground reaction curve.
ii) The NA TM construction method
Despite the comprehensive description of the principles of NATM there was and still is 
differences in opinion on the application of these principles. Some people also view 
NATM as a construction method, comprising the excavation and support techniques that 
are generally associated with applying the NATM philosophy. These differences are 
further complicated and highlighted when applying NATM to soft ground tunnelling in 
urban areas (Brown (1990)).
The key features of the tunnel construction technique often referred to as the NATM are 
(ICE (1996)):
• The tunnel is sequentially excavated and supported, and the excavation sequence and 
face areas can be varied. It is common to use a top heading, bench and invert 
excavation sequence as illustrated in Figure 2-2. The face may however be further 
subdivided into two halves, each with a top heading bench and invert, which are then 
advanced in a staggered fashion, or into three parts, i.e. two sidewall drifts and a 
central section, each again with a top heading, bench and invert.
• The primary support is provided by sprayed concrete in combination with some or all 
of the following, namely steel mesh, steel arches (normally lattice girders) and/or 
ground reinforcement (e.g. rock bolts, spiling).
• The permanent support is usually (but not always) provided by a cast in-situ concrete 
lining, which is normally treated as a standalone support system for design purposes.
The main aim during the construction of shallow urban tunnels, beyond that of supporting 
the ground, is to minimise ground movement. The resulting surface settlements can 
potentially cause significant damage to overlying structures. Most ground deformation 
during tunnel construction occurs during excavation and in the short period when the 
ground is unsupported or is partially supported by a newly placed, stiffening lining. To 
realise the aim of minimising ground deformation, the area of ground that is exposed or
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partially supported at any stage needs to be limited. There is therefore a fine balance 
between speed of construction, which requires as much open face and as few construction 
stages as possible, and the need to expose only a minimal area of ground at a time. Based 
on these considerations the most appropriate construction method for a specific tunnel 
must be selected.
2,1,2 Sprayed Concrete Lined tunnels
When constructing shallow tunnels in soft soils in urban areas, where settlement is a 
problem, the objective is no longer to mobilise the strength of the ground. This would 
require deformations, which would result in settlement. The objective instead is to reduce 
settlement by controlling ground deformations through the installation of a stiff support 
system as soon as possible after excavation. There is therefore somewhat of a change in 
emphasis from the original philosophy of allowing ground deformation to take place in 
order to reduce the support required. For shallow tunnels in soft soils in urban areas all 
the elements of the original NATM philosophy do not seem to be appropriate, although 
the construction technique may still be the same.
This is however a controversial issue, as many tunnelling practitioners still strongly feel 
that tunnelling employing this construction technique for the construction of shallow 
tunnels in urban areas is in fact an implementation of the NATM (see for example Powell 
and Beveridge (1998)). However, to distinguish between conventional NATM and the 
application of the construction method for shallow tunnels in an urban area, the latter are 
often referred to as Sprayed Concrete Lined tunnels (ICE (1996)). Powell and 
Beveridge (1998) rightly point out that this debate is probably only of academic interest 
and it is the application of the concept and its principles that is of real interest. In this 
thesis it is therefore recognised that there is a change in emphasis when the NATM 
philosophy is applied to shallow tunnels in an urban area, but that the construction method 
essentially is the same. In the thesis the term NATM is therefore used in the broader 
sense, i.e. to reflect both applications, although the focus of the research is on the 
application of the method for the construction of shallow tunnels in urban areas.
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2.2 Tunnel design
As a tunnel is advanced through soft ground, the support that was provided by the 
excavated soil must be replaced by altered stresses in the soil around the tunnel together 
with the loads on a temporary support system or a permanent lining. Any change in stress 
in the soil surrounding the tunnel will be accompanied by soil strains that will appear as 
deformations of the tunnel wall and at the ground surface. The tunnel designer will be 
required to estimate the margin of safety against the tunnel collapsing and in many cases 
the magnitude of the soil deformations and their effect on nearby structures and services.
2.2.1 Stability
A basic engineering decision to be made when designing a tunnel in soft clay is whether 
or not the tunnel heading will be stable and can be excavated without internal support. 
This research is not concerned with failure conditions and therefore assessing the stability 
of the tunnel heading is not of specific interest. For the sake of completeness and because 
concepts introduced under stability are referred to elsewhere, the stability assessment of 
tunnel headings under undrained conditions is briefly reviewed.
Broms and Bennermark (1967) conducted experiments in which they extruded clay under 
pressure through vertical circular openings and they considered case studies where failure 
occurred or where stability had been maintained. They defined a stability ratio N  as the 
ratio between the difference between the total overburden stress in the ground at the 
tunnel axis g-^o and the tunnel pressure and the undrained shear strength:
^ v Q - ^ T  (2-1)N  =
cu
The tunnel pressure gt is the pressure, for example compressed air pressure, supporting 
the tunnel heading. They concluded that if N  is less than 6 the opening will be stable. 
Similar conclusions were reached by Peck (1969a). It is this stability ratio at failure that is 
of interest to the tunnel designer and is referred to as the critical stability ratio N tc- For
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design purposes it is important to estimate the factor of safety against collapse, calculated 
as follows:
FS = 
N
Davis et al. (1980) developed upper and lower bound plasticity solutions for the two- 
dimensional (plane strain) idealisation of tunnel collapse under undrained conditions and 
assuming constant undrained shear strength profiles. The idealisation of the tunnel 
geometry is shown in Figure 2-3. They also showed that the stability ratio could be 
broadened to include any surface surcharge pressure o}:
^  ^  <7y0 -  O'r +  O'. (2-3)
They obtained reasonably good agreement between the upper and lower bound solutions 
showing a relationship between the ratio of tunnel cover to tunnel diameter and the critical 
stability ratio depending on the stability ratio with no tunnel pressure. Sloan and 
Assadi (1993) extended the work, using finite element formulations of the upper and 
lower bound plasticity theorems, to include solutions for the more general two- 
dimensional case where the undrained shear strength increases with depth. They 
concluded that for the special case where the undrained shear strength is uniform, their 
solutions are only a slight improvement on the bounds presented by Davis et al. (1980).
Based on centrifuge model tests the problem of the stability of the tunnel heading was 
extended to three dimensions and design curves showing the critical stability ratio in 
terms of the dimensionless ratios and QC (see Figure 2-3) were proposed
(Mair (1979), Kimura and Mair (1981)). For NATM tunnels the special case of = 0 is
of particular interest. Based on data from laboratory and centrifuge tests, as well as from 
back-analysis of tunnel heading failures, Mair (1993) proposed the design curve shown in 
Figure 2-4 for estimating the critical stability ratio for this special case. Also shown in the 
figure is the envelope of lower bound plasticity solutions derived by Davis et al. (1980).
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To assess the stability of a tunnel, the critical stability ratio can be estimated from a design 
curve siich as that shown in Figure 2-4. The factor of safety against collapse can then be 
obtained once the stability ratio has been calculated using Equation (2-3). In order to 
calculate the stability ratio it is necessary to estimate the undrained shear strength. 
Undrained shear strength is not a fundamental material property, but depends on various 
factors including the method used to measure it (loading condition). Furthermore, 
undrained shear strength typically varies with depth. It is therefore a difficult parameter to 
obtain (see discussion by O’Reilly (1988) and Mair and Taylor (1997)) and this affectsi the 
calculation of the stability ratio.
2.2.2 Ground deformations
A major concern with the construction of any tunnel in an urban environment is the 
ground movement that inevitably takes place. The prediction of ground movements and 
the assessment of the potential effects on the existing surrounding infrastructure is 
therefore an essential aspect of the planning and design of tunnelling projects in urban 
areas. It is therefore not surprising that the subject of ground movements associated with 
tunnel construction has been addressed by many authors and is summarised for example 
by Rankin (1988), Fujita (1989), New and O’Reilly (1991), Fujita (1994), Mair and 
Taylor (1997) and Mair (1998). In this section the methods available for the prediction of 
surface and subsurface settlements are discussed, also briefly looking at the case where 
multiple tunnels are constructed.
Before discussing the prediction of ground movements, it is important first to note the 
mechanisms involved and the components of ground movement associated with NATM 
tunnelling. Ground deformation occurs in two stages. Initially there is an almost 
immediate deformation due to tunnelling, which is associated with a ‘flow’ of the ground 
surrounding the tunnel into the excavation. The resulting ground displacement ‘into’ the 
tunnel is termed ‘volume loss’ (F}) and is expressed as a percentage of the notional 
excavated volume of the tunnel. The immediate settlement stage is followed by long-term 
post-construction settlement, occurring over a period of time, and which can be attributed 
to creep and pore pressure equilibration (Mair and Taylor (1997)). Depending on the
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drainage characteristics of the ground in which the tunnel is being constructed, it can be 
difficult to separate the deformations attributable to the two different stages. Mair and 
Taylor (1997) for example state that softer clays are more susceptible to appreciable long 
term settlement, which often develops rapidly and can be difficult to separate from the 
immediate construction settlement. In a low permeability material such as London clay, 
the long term settlements develop slowly and can therefore more readily be distinguished. 
Depending on the permeability of the lining relative to the soil its magnitude may however 
still be appreciable, as for example illustrated by the continuing settlement of 
approximately 45% of the immediate maximum settlement reported by Bowers et al. 
(1996) for a tunnel in London clay over a 3 year period. The remainder of the discussions 
in this section, as well as the thesis, is concerned with the immediate settlement.
Attewell and Farmer (1974) identified the following three components that contribute to 
the immediate settlement observed from shield tunnelling, namely:
• movement of the ground into the tunnel face (face-take),
• movement of the ground into the peripheral profile (radial take), and
• relaxation of the ground towards the tunnel lining after installation.
These components are the same for NATM tunnels except that for NATM tunnels the 
support is placed in intimate contact with the surrounding soil and the component 
identified as relaxation of the ground towards the tunnel lining is replaced by the 
deformation of the partially completed and completed tunnel lining/support. The 
components are schematically illustrated in Figure 2-5. Mair and Taylor (1997) identified 
the same components of surface settlement, but combined the face-take and radial take. It 
should be noted that the volume loss can be calculated by adding these three components.
i) Prediction o f surface settlement
Methods available for the prediction of the magnitude and distribution of surface 
settlement include the following (Mair & Taylor (1997)):
• empirical methods
• closed form analytical solutions
• numerical modelling, and
• physical modelling.
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Closed form solutions are typically based on the assumption of axi-symmetry and are 
generally used for predicting subsurface ground deformations. They are discussed in the 
section bn subsurface deformations. Physical modelling, for example reduced scale model 
tests or centrifuge model tests can be used to study tunnelling, either to provide detailed 
data against which numerical predictions can be benchmarked (for example Grant and 
Taylor (1996)) or to investigate design issues where other methods are impractical (Kim et 
al. (1998)). Mair and Taylor (1997) conclude that physical modelling has a valuable role 
in investigating complex three dimensional soil-structure interaction problems. In the 
remainder or this section, the use of empirical methods and numerical modelling for 
predicting ground deformations is discussed.
a) Empirical methods
Empirical methods typically assign a particular geometric form to the transverse and 
longitudinal vertical settlement profiles and then rely on case history data for the 
prediction of the magnitude. Several attempts have been made to find suitable empirical 
expressions for the transverse settlement trough (Uriel and Sagaseta (1989)), but none of 
them appears to match as well as the Gaussian distribution curve discussed below.
Martos (1958) first proposed the use of a Gaussian distribution curve to describe the 
transverse settlement profile above tabular mine openings. Other authors, notably 
Schmidt (1969) and Peck (1969a), followed by many others, have shown that the 
transverse settlement trough immediately following tunnel construction is well-described 
by a Gaussian distribution curve (see Figure 2-6 for a definition of the geometry):
ZZl
2F
(2-4)
where Sz is settlement ,at distance y  from the tunnel centreline
Smax is the maximum settlement on the tunnel centreline
y  is the horizontal distance from the centreline
i is the horizontal distance from the tunnel centreline to the point of
inflection on the settlement trough
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The volume of the surface settlement trough (per metre length of tunnel), Vs, is obtained 
by integrating Equation (2-4):
(2-5)
The assumption that the transverse settlement profile is described by a normal probability 
form (Gaussian distribution) implies that the longitudinal profile should take a cumulative 
probability form. This was investigated and confirmed by Attewell and Woodman (1982) 
who examined the longitudinal settlement profiles recorded for six case histories 
representing a variety of tunnelling conditions. Assuming that the ground loss (volume 
loss) occurs at a linearly translating point at the axis of the excavation and that all ground 
deformation takes place at constant volume, they developed a set of equations for 
describing displacements and strains for any point on ground surface or subsurface. The 
vertical and horizontal displacements for any point with coordinates x, y  and z are given 
by:
&  =
V zZ.,2/2 X -  X ,
V I
— G
^ X - X f ^
V i J
(2-6)
=
(2-7)
=
- y
2i'.-2
I tt Z
, 2/2
~{ x~Xf )  
, 2 /2
(2-8)
where Xj and Xf are respectively the starting and final locations of the tunnel face and the 
function G(a) represents the cumulative distribution function of a standardised normal 
random variable:
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Tabulated values for this function are widely available. It is also available as a standard 
function in many spreadsheets and computer programming languages. Equations (2-6), 
(2-7) and (2-8) can therefore be used to predict the displacements at ground surface, but in 
order to do this it is necessary to
• estimate the parameter i  which describes the shape of the settlement trough and
• the volume loss, which defines the maximum settlement.
Settlement trough width
The width of the settlement trough would be expected to be a function of the tunnel size 
and the depth of construction. Peck (1969a) has suggested a relationship between the 
parameter /, tunnel depth and tunnel diameter which depends on the ground conditions 
(see Figure 2-7).
Attewell (1978) discussed methods available for predicting ground movements caused by 
tunnelling and concluded that stochastic theory and empirical evidence suggest that the 
parameter i  can be described by the expression
(2-10)
15 ~  2 lâJ
where C and n are parameters which depend on the stress-strain behaviour of the soil and 
the tunnelling method. Attewell also concluded that for clays, case history data suggest 
that C w 1 and « » 1 and therefore that i  = 0.5 zq . Clough and Schmidt (1981) proposed 
the same relationship for clayey soils, but recommended that the constant n should be 
equal to 0.8. Schmidt (1988) confirmed that Clough and Schmidt’s proposal can be used 
to obtain a good approximation for the parameter i.
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In a survey of UK tunnelling data O’Reilly and New (1982) showed that i  is an 
approximately linear function of the depth of tunnel (at axis level), zq , and is broadly 
independent of tunnel construction method and of tunnel diameter. The survey data were 
limited to tunnels with a cover of more than one diameter, diameters smaller than 5 m and 
depths not exceeding 30 m. A regression analysis carried out on the data gave the 
following relationship for cohesive soils:
/ = 0.43zo+l.l (2-11)
They suggested that for all practical purposes Equation (2-11) could be reduced to the 
simple approximate relationship
i =  KZq (2-12)
where K  is an empirical constant termed the trough width parameter. They found that for 
clays, K  varied between 0.4 (stiff clays) and 0.7 (soft silty clays), but for practical 
purposes can be taken as 0.5. The validity of Equation (2-12) was generally confirmed by 
Rankin (1988) for a 'wide variety of tunnelling conditions from around the world. Mair 
and Taylor (1997) extended the database and the data set for tunnels in clays is sho'wn in 
Figure 2-8. Although there is some scatter in the data, it generally falls within the 
envelope bounded by i  = 0.4 zq  and i  = 0.6 z q . Centrifuge test results reported by Kimura 
and Mair (1981) for clay soils, showed that the settlement trough width corresponds to 
K = 0.5, supporting the field evidence.
The methods proposed for determining the parameter i  are summarised in Figure 2-9. 
From the figure it is evident that Peck’s (1969a) initial proposal that the trough width is 
dependent on the material type seems to be less important than the other factors 
controlling the trough width. Also evident from the figure is the difference between the 
relationships proposed by Clough and Schmidt (1981) and O’Reilly and New (1982). 
While Clough and Schmidt’s method depends on both the tunnel depth and diameter, 
O’Reilly and New’s method depends only on the depth of the tunnel, but allows some 
flexibility in that a value for K  needs to be selected. It appears unlikely that the trough
2-15
width would not depend on the diameter of the tunnel, and it therefore seems reasonable 
to use Clough and Schmidt’s relationship for initial practical estimation purposes. Case 
history data (see Figure 2-8) however show that a significant scatter is evident in practice 
and suggest that no single relationship is probably adequate for determining i. Where the 
parameter K  has been determined with confidence for a tunnelling method in certain 
ground conditions it may be better to use the method proposed by O’Reilly and New.
Volume loss
To predict the surface settlements, another parameter, either the maximum settlement or 
the volume of the transverse surface settlement profile (related as shown in 
Equation (2-5)) is needed. When tunnelling in clays, conditions during construction are 
usually assumed to be undrained, and based on this the assumption is made that ground 
deformations occur under constant volume conditions. It therefore follows that the 
volume loss must equal the volume of the settlement trough:
The assumption of constant volume deformation may, however, not be realistic. For a 
highly fissured clay such as London clay, fissures near the tunnel face may open during 
construction which implies that Vs < F). Since no measurements of face-take are generally 
available, this assumption is difficult to evaluate.
It is common practice to use the volume of the settlement trough normalised by the tunnel 
volume excavated Vexc (usually expressed as a percentage) to define the surface settlement 
profile and this is referred to as the relative volume loss.
r/ ^Vi = y -  (2-14)
exc
The volume loss is influenced by several factors and it is therefore difficult to estimate 
reliably. Mair and Taylor (1997) state that volume loss principally depends on the ground 
conditions and on the tunnelling method. It should however be noted that the tunnelling
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method does not only imply the type of construction, for example NATM, but also the 
construction details and workmanship.
O’Reilly and New (1982) have suggested that the relative volume loss be estimated based 
on previous experience in similar conditions and should take into account the tunnelling 
method and site conditions. They reported that in stiff London clay, relative volume 
losses for 4 m diameter segmental lined underground railway tunnels fall in the 1% to 2% 
range. Attewell et ah (1986) conclude that the considerable amount of data available for 
tunnels in stiff fissured clays suggests that, with or without a shield, the relative volume 
loss is typically between 1% and 2%. During the Heathrow Express Trial Tunnel three 
different construction techniques, all implementations of NATM, were used to construct 
different portions of the trial tunnel. The relative volume losses recorded for the three 
different techniques varied between 1.05% and 1.37% (New and Bowers (1994)). 
Although other more scientific methods (discussed below) have been proposed for 
estimating the relative volume loss, Gunn (1993) states that in his experience, although 
reference is made to other methods, it is essentially this ‘guesstimate’ approach that is 
used in practice.
Various authors (see for example Glossop (1977)), Clough and Schmidt (1981), 
Mitchell (1983)) have proposed empirical relationships to correlate relative volume loss 
and stability ratio. Some of the proposed relationships are summarised below
V  -  3 —
Clough and Schmidt (1981)  ^ (2-15)
Mitchell (1983) (2-K)
Mitchell suggested that for very sensitive clays or for low construction quality, the 
estimated relative volume loss should be multiplied by a factor of three.
To estimate the relative volume loss using these equations it is necessary to estimate the 
ratio of the undrained stiffness to undrained shear strength. Clough and Schmidt (1981)
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have suggested that the ratio typically varies between 500 and 1 500 in practice,
while Mitchell (1983) proposed that the ratio for soft soils generally varies between
200 and 700 in practice. It is important to note that, because the stress-strain response is 
typically non-linear and the undrained shear strength is not a material constant, the quoted
ratios for is typically back calculated from field measurements and is therefore 
/  ^ 1/
empirical. Mair and Taylor (1993) report back calculated ratios of for London clay
typically of the order of 300, which suggests a relative volume loss of approximately 1% 
using Mitchell’s relationship. Such a value however falls outside the range suggested by 
Clough and Schmidt.
Attewell et al. (1986) and Uriel and Sagaseta (1989) presented field data of relative 
volume loss related to stability ratio, expanding on the data presented by Clough and 
Schmidt (1981). The data presented by Uriel and Sagaseta, as well as the relationships 
proposed by Glossop (1977)), Clough and Schmidt (1981) and Mitchell (1983), are shown 
in Figure 2-10. Both Clough and Schmidt’s and Mitchell’s relationships include the ratio
and in the figure the data for the range of ratios suggested by the authors are shown.
From the figure it is evident that the case history data show a wide scatter and that none of 
the proposed empirical approaches, even when taking into account stiffness and shear 
strength variations, are entirely satisfactory. A reason for the lack of agreement may be 
that none of the methods include the effects of tunnel depth or geometry (Uriel and. 
Sagaseta (1989)). Mair and Taylor (1997) suggest that the wide scatter observed is 
associated with many construction details and differing standards of workmanship.
In an attempt to overcome the shortcomings of relating the relative volume loss to the 
stability ratio Mair et al. (1981) proposed that, based on centrifuge model test data and 
finite element analyses, the relative volume loss be related to the load factor LF  which is 
defined as
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N tc
where N tc  is the stability ratio for collapse (Davis e t  a l .  (1980)). Based on plane strain 
centrifuge model tests on kaolin and finite element analyses, Mair e t  a l .  (1981) produced a 
relationship between relative volume loss and load factor, which is shown in Figure 2-11. 
In order to estimate the relative volume loss from Figure 2-11 it is necessary to obtain the 
load factor. The stability ratio can be calculated using Equation (2-3), but the stability 
ratio for collapse is more difficult to determine. It can be obtained from a finite element 
analysis, but more likely will be read from published plots such as those included in Mair 
e t  a l.  (1981). O’Reilly (1988) used this approach to predict the volume loss at 6 different 
tunnelling sites in London clay. He concludes that relative good agreement with field 
measurements was obtained, but that selecting an undrained shear strength proved to be 
difficult and that it had a significant influence on the predicted values for relative volume 
loss. He proposed that the shear strength used to calculate the stability ratio and load 
factor be taken as the mass shear strength, which takes into account the presence of 
fissures and discontinuities.
Macklin (1999) reviewed the methods available for estimating volume loss and proposed 
an extension of the method proposed by Mair e t  a l.  (1981) which is based on a load factor. 
He extended the graph produced by Mair e t  a l .  (1981) for estimating the stability ratio at 
collapse Ntc  based on the depth to diameter ratio for the tunnel (see Figure 2-12(a)). The 
analysis of 22 case histories of tunnels in stiff overconsolidated clay (15 in London clay) 
plotted on a semi-log graph to improve resolution at low load factors, showed that within 
some scatter there appeared to be a linear relationship between load factor and the natural 
log of relative volume loss. The data is shown in Figure 2-12(b) and the linear regression 
line is given by
F}(%) =  for I F  >0.2 (2-18)
He concludes that the selection of the mass shear strength may account for some of the 
scatter in Figure 2-12(b) and selecting this value could be difficult in practice.
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It can be concluded that volume loss is influenced by numerous factors and that an 
empirical relationship that takes all of these factors into account is not available. The case 
history data shown by Macklin (1999) seem to confirm that relating the relative volume 
loss to the load factor originally proposed by Mair et al. (1981) provides a better method 
for predicting relative volume loss. This emphasises the importance of the geometry of 
the tunnel heading on the magnitude of the volume loss. The other dominant factor is the 
stability ratio at the tunnel horizon; estimating the undrained shear strength to calculate 
this value is a problem that is difficult to overcome. Although the relationships available 
for the estimation of relative volume loss can therefore be used to obtain an indication of 
volume loss, it is generally necessary to adjust the predicted values for the expected site 
conditions and construction details. It therefore appears that when predicting relative 
volume loss, some ‘guesswork’ is inevitable. Relative volume loss can therefore only 
really be estimated with confidence where it is possible to draw on experience in similar 
conditions.
The preceding discussion has been concerned with estimating the extent and magnitude of 
the transverse settlement trough. Although in most cases it is the transverse settlements 
that are of interest, it is in some cases also necessary to consider the development of the 
longitudinal settlement trough. Attewell and Woodman (1982) showed that the 
longitudinal settlement profile can be described by a cumulative probability function and 
that Equations (2-6), (2-7) and (2-8) can therefore be used to describe the displacement of 
a point in the x, y  and z directions. Attewell and Woodman examined six case histories ' 
representing a variety of tunnelling conditions and concluded that in firm to stiff clays the 
surface settlement immediately above the tunnel face is between 30% and 50% of the 
maximum settlement. The magnitude of the settlement occurring ahead of the face is 
dependent on the face support provided, i.e. pressurised face tunnelling tends to restrict 
ground settlement developing ahead of the tunnel face. Where no face support was used, 
the settlement above the tunnel face tended to be closer to 50%. In Equations (2-6), (2-7) 
and (2-8) it is assumed that 50% of the settlement occurs ahead of the face. Attewell and 
Woodman also suggested that settlement development extended over a distance of 
approximately \Zq ahead of and 2 zq behind the tunnel face. Shirlaw et al. (1988) reported 
on the construction of 6 m diameter tunnels using the NATM. They found that about 50%
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of the settlement occurred before the top heading passed. They also made the interesting 
observation that a small amount of heave was recorded just before the arrival of the 
tunnel. ' They state that it was first thought to be due to measurement noise, but after 
investigation concluded it to be a clear and consistent part of the settlement trend. 
Although the development of the longitudinal surface settlement profile is not often 
reported in the literature, evidence seems to suggest that when the tunnel face is not 
supported it is reasonable to assume that 50% of the surface settlement will occur ahead of 
the face.
Largely due to its simplicity and an absence of any obvious better method for estimating 
surface settlement the empirical method is widely used for the prediction of surface 
settlements due to tunnelling. New and O’Reilly (1991) show that the empirical method 
described above, implemented in a computer program, can successfully be used to predict 
the three dimensional surface settlements for complex tunnel layouts as often encountered 
at underground stations. The method has its limitations, however. New and 
O’Reilly (1991) conclude that the empirical method can only be used to give a general 
indication of the form and magnitude of the prospective ground movements. In practice 
variations in ground conditions, difficulties of construction and/or poor tunnelling 
technique may lead to significantly larger ground displacements. Furthermore, tunnelling 
works often occur in layered soils, perhaps composed of both cohesive and cohesionless 
materials, whereas the empirical method is extended for homogeneous ground conditions. 
Although New and O’Reilly (1991) proposed an extension of Equation (2-12) to estimate 
the trough width parameter for these conditions, there is no proposal for estimating the ' 
relative volume loss. Empirical methods are therefore useful for obtaining an indication 
of the magnitude and extent of the surface settlements. This approach however has its 
limitations, most importantly that it has to be used in the context in which it was 
developed, namely under conditions where previous experience exists. It furthermore was 
developed to assess short-term settlements and cannot accommodate complications such 
as the presence of other structures or excavations in close proximity. For these situations 
other methods are required.
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b) Numerical modelling
Numerical modelling, typically comprising finite element, boundary element or finite 
difference methods, offers the possibility of calculating ground deformations and the 
interactive effects on structures and services. The use of numerical modelling for tunnel 
design is discussed in Section 2.3 and in this section only some of the aspects that 
influence the prediction of surface settlements are highlighted.
It is obvious that in order to predict accurately surface settlements it is necessary to 
realistically model tunnel construction, which implies that it is necessary to model closely 
the geometry of the tunnelling problem (including construction details), and to use a 
constitutive model that reproduces real ground behaviour. In most cases where numerical 
modelling is used to predict surface settlements due to tunnelling, both these necessities 
are grossly simplified. The three dimensional (3D) tunnelling problem is typically 
reduced to a plane strain (2D) problem and, since there is not yet a constitutive model that 
realistically predicts all aspects of soil behaviour (Mair and Taylor (1997)), the ground 
behaviour is typically modelled using a relatively simplified soil model. Both these 
simplifications influence the predictions.
Reducing the three dimensional tunnelling problem to a plane strain problem implies that 
the three dimensionality of the construction process is unimportant. There are two 
alternatives available when modelling tunnel construction in plane strain. The first 
alternative is a ‘wished-in-place’ approach, where the ground elements are excavated and 
the support (lining elements) are installed in the same step. Ground deformation is 
immediately resisted by the lining and in the extreme, if a very stiff lining with the same 
weight as the soil that has been removed is installed, no ground deformation, and 
consequently no settlement, will occur. This approach is therefore likely to under-predict 
surface settlement and in many cases will result in ‘heave’ at surface. The second option 
is to excavate the soil elements and then install the support in a second step, referred to in 
the discussion as a ‘sequential’ approach. In reality this implies that an infinitely long 
tunnel is excavated and the ground allowed to deform, before the support is installed. 
Consequently the support does not resist deformation in the section of tunnel excavated 
and surface settlements are likely to be over-predicted. Dasari et al. (1996) investigated
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the difference between these two plane strain; approaches and modelling the tunnel 
construction in three dimensions. They found that three dimensional modelling produced 
a surface settlement trough closest to that recorded in the field and which lay between the 
two plane strain results. They also found that of the two plane strain methods, the wished- 
in-place alternative produced a result that was closest to the field measurements.
In order to overcome the limitation of modelling the three dimensional tunnel construction 
problem in plane strain, several methods have been developed to account for the three 
dimensional redistribution of stresses in 2D analyses (see Section 2.3.2). This is done by 
matching some element of the prediction, for example, the volume loss, with the expected 
quantity. These methods therefore rely on obtaining some element of the prediction 
before the predicting is actually done and in such a case the empirical approach may just 
as well be used.
The other factor that significantly influences numerical predictions is the constitutive 
model used to describe the behaviour of the ground. Aspects of observed ground 
behaviour and models used for idealising soil behaviour are discussed in detail in 
Section 2.3.1. From the literature it appears that for the prediction of surface settlements 
the most important factors are
• non-linearity of the stress-strain response (Simpson et al. (1979), Jardine et al. (1991), 
Gunn (1993), Dasari (1996)).
• anisotropy of the soil stiffness (Lee and Rowe (1989), Simpson et al. (1996), 
Addenbrooke e /<3/. (1997))
• recent stress history and stress path direction (Stallebrass et al. (1994), Addenbrooke 
gfg/.(1997))
Due to the factors discussed, and maybe others, the surface settlement troughs predicted 
using numerical models are typically much wider than observed in the field. The use of 
numerical methods for the prediction of surface settlements is therefore not yet well 
established and this also appears to be the view of people in practice. O’Reilly (1996), for 
example, commented as follows after evaluating the 33 papers presented to the session on 
“Modelling and prediction for bored tunnels” at the 1996 Conference “Geotechnical 
Aspects of Underground Construction in Soft Ground”:
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It is quite clear from the papers to Session 4 that finite element methods o f  numerical 
modelling have still some way to go before they can produce reliable representations o f  
the magnitude and distribution o f the settlements above tunnels.
It can therefore be concluded that further research and investigation of the influence of 
various aspects of numerical modelling on the prediction of surface settlements are 
required.
ii) Subsurface ground displacements
Tunnel design in the urban environment often requires that the effect on existing 
underground infrastructure, for example tunnels and deep foundations, be considered. In 
these cases it is important to predict how subsurface ground deformations develop. Since 
surface settlements are only a special case of generalised ground displacements, the 
majority of methods used for the prediction of surface settlements can be used to predict 
subsurface deformations. In the following paragraphs the use of empirical methods and 
closed form solutions are discussed. The use of numerical methods is discussed in detail 
in Section 2.3.
a) Empirical method
The empirical approach developed for the prediction of surface displacements has been 
extended to allow prediction of subsurface ground deformations. Mair et al. (1993)’ 
analysed subsurface data from various tunnelling projects in stiff and soft clays, together 
with centrifuge model test data in soft clays. They showed that subsurface settlement 
profiles could be reasonably approximated using a Gaussian distribution in the same way 
as surface settlement profiles. At a depth z below the ground surface, the parameter i can 
be expressed as
i =  K{z^ -  z) (2- 19)
They found that the trough width parameter K  increased with depth as shown in 
Figure 2-13 and can be estimated from the expression
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From Figure 2-13 it is evident that subsurface settlement profiles at depth are significantly 
wider than would be predicted by assuming a constant value of K  with depth.
In order to predict horizontal displacements it is typically assumed that the ground 
displacement vectors are directed towards the tunnel axis, i.e. it is assumed that all particle 
displacements are radially towards a point sink at the tunnel axis (Attewell and 
Woodman (1982), O’Reilly and New (1982)). This implies that the horizontal and 
vertical displacements are related as follows (Equation (2-7)):
Taylor (1995) investigated the effect of constant volume deformation (undrained 
conditions) on the assumptions which the empirical approach is based upon. Assuming 
that displacement vectors are directed towards the tunnel axis, for constant volume 
deformations the trough width parameter Æ must be constant with depth. Taylor showed 
that assuming the variation of K  with depth shown in Figure 2-13, for constant volume 
deformations the displacement vectors should be directed towards a point on the tunnel
centreline below tunnel axis level.
0.325 °
New and Bowers (1994) report on the use of the empirical approach, implemented in a 
suite of computer programs by TRL, to predict ground movements around the Heathrow 
Express trial tunnel. They found that beyond a distance of about one funnel diameter from 
the periphery of the tunnel the modelled displacements agreed well with field 
measurements. Closer to the tunnel the actual displacements were significantly different 
from the predicted movements. In general the model over-predicted centreline settlement, 
under-predicted trough width and failed to indicate vertical and horizontal movements at 
excavation level. They concluded that these variations are a consequence of the
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assumption of a point sink located at tunnel axis. They investigated other assumptions 
and found that assuming that the ground loss was distributed over a horizontal plane, 
equal in width to the tunnel and located at invert level, gave predictions that were a good 
match for the field measurements. Deane and Bassett (1995) analysed subsurface 
displacement measurements for two sections of the Heathrow Express trial tunnel and 
concluded that the displacement vectors were directed towards a point midway between 
tunnel axis level and invert level in one case, and towards a point approximately at tunnel 
invert level in the second case.
Hansmire and Cording (1985) stated that although the well established correlation 
between surface settlement profiles and the Gaussian distribution curve is apparently 
independent of the soil type and tunnelling method, the distribution does not reveal any of 
the considerable differences in pattern of subsurface displacements that are observed in 
the field. Rankin (1988) concluded that in practice, the magnitude and direction of 
subsurface displacements appear to be closely related to the tunnelling method and soil 
type and are likely to be linked to the stress history of the soil. It can therefore be 
concluded that the use of the empirical method, described by Equations (2-6), (2-7) and 
(2-8), does not give good predictions, specifically close to the tunnel. Modification of the 
method as proposed for example by Mair et al. (1993), New and Bowers (1994) and 
Taylor (1995) should improve predictions, but this has not yet been widely verified in 
practice.
b) Closed form solutions
Closed form solutions for the prediction of ground displacements around tunnels have 
been developed by a number of researchers. Sagaseta (1987) proposed closed formed 
solutions for obtaining the strain field in an initially isotropic and homogeneous 
incompressible soil due to near surface ground loss. The method produces a relatively 
simple solution for the estimating of deformations at surface. The equations giving the 
displacements in the soil mass are much more complex and require numerical integration. 
As for the empirical approach, it is required that the volume loss be known beforehand, 
and the method assumes that the ground loss is concentrated at the tunnel axis. The 
method predicts wider than actually observed settlement troughs and Sagaseta (1988)
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concluded that this is due to the assumption of incompressible behaviour. He admits that 
the predictions obtained with the method may not be better than those obtained with the 
empirical method, but suggests that his is a useful procedure for improving understanding 
of ground behaviour resulting from tunnelling.
Verruijt and Booker (1996) extended the method proposed by Sagaseta (1987) by 
introducing the effect of ovalisation (due to anisotropic stresses) and generalising the 
solution to give also the solutions for compressible cases. The solution obtained for 
surface settlements can be arranged to separate the relative distribution of convergence 
(volume loss) and ovalisation. This is illustrated in Figure 2-14. The solid line is the 
settlement curve representing the contribution of convergence, while the dashed line is the 
settlement curve representing the ovalisation of the tunnel. The width of the settlement 
trough is considerably narrower for the ovalisation case than for the ground loss case. 
Verruijt and Booker suggest that this may be an explanation for the rather narrow 
settlement troughs observed in practice. It is also interesting to note that the average value 
of the ovalisation settlement is zero, which is due to some heave beyond y  >  zq.
Loganathan and Poulos (1998) proposed an analytical solution to predict undrained 
ground movements around tunnels in soft ground. They define an equivalent undrained 
ground loss parameter based on the gap parameter proposed by Lee et al. (1992). The 
non-linear ground movement due to the formation of an oval-shaped gap is then modelled 
by adopting an exponential function to the equivalent undrained ground loss with 
appropriate boundary conditions. The modified equivalent ground loss parameter is then ' 
incorporated into the closed form elastic solutions derived by Verruijt and Booker (1996). 
The equations obtained can then be used to predict tunnelling-induced surface and 
subsurface settlements and horizontal movements of the ground. The proposed solution is 
evaluated by comparing calculated displacements with five published case studies. It is 
shown that the predictions are in good agreement with reported ground loss values for 
tunnels in stiff clay, but that for tunnels in soft clay the ground loss values are over­
estimated. Good agreement was obtained for the subsurface settlements and horizontal 
movements.
2-27
Mair and Taylor (1993) proposed plasticity solutions to predict subsurface ground 
deformations due to tunnel construction in clay. Assuming axi-symmetric conditions, an 
isotropic initial stress state and an idealised linear elastic-perfectly plastic soil, they 
showed that subsurface vertical and horizontal ground deformations in the plane 
perpendicular to the tunnel axis may be predicted assuming a cylindrical contracting 
cavity and movements ahead of an advancing tunnel heading may be predicted assuming 
spherically symmetric conditions. The idealisation of the tunnel heading is shown in 
Figure 2-15. Based on this idealisation, displacements in front of the tunnel heading, i.e. 
the radial displacements around a contracting spherical cavity, are described by
R 3G
R
V
e ( 0 .7 5 V -I )  (2-21)
where S  radial movement at radius r
R is the inner radius of the tunnel (cavity)
N  is the stability ratio (assuming ctq = cr^ , )
(Jq is the initial total stress at cavity boundary
Considering the idealisation of the tunnel as a fully unloaded cylindrical cavity the radial 
displacements in a transverse plane are given by
c.. (  E>
R 2G
( N - \ ) (2-22) '
Taking into account the fact that during tunnelling only partial unloading occurs since the 
support attracts some loading, cr,,. Equation (2-22) can then be rewritten:
S c.u
V
(2-23)
R 2G
where n = i.e. the proportion of total overburden pressure imposed on the lining.
2-28
To investigate the validity of the equations, Mair and Taylor (1993) compared 
displacements recorded around tunnels constructed in London clay with the plasticity 
solutions. The comparisons are shown in Figure 2-16. In Figure 2-16(a) the ground 
displacements recorded as a tunnel heading at a depth of 24 m was advanced towards an 
underground chamber (reported by Ward (1969)) are shown. This appears to be the only 
data set available for ground displacements in front of an advancing tunnel in London 
clay. The linearity of the plot indicates that the unloading of the spherical cavity is a 
reasonable approximation for predicting the behaviour of the clay around the tunnel 
heading. They also concluded that assuming a stability ratio of 2.5 the slope of the 
straight line fit to the data suggests a %  ratio of 96.
In Figure 2-16(b) field measurements of vertical ground movements Sv above the 
centreline of 4.1 m diameter tunnels constructed in London clay for London 
Underground Ltd at depths varying between 20 m and 29 m, are shown. Also shown in 
the figure are measurements of horizontal ground movements Sh at the level of the tunnel 
axis in a direction perpendicular to the direction of tunnelling. The vertical and horizontal 
ground movements are reasonably consistent and are in general agreement with linear 
plots. The two plots are almost parallel, but they do not pass through the origin, which 
reflects the non-axisymmetric conditions observed in reality. The vertical movements 
above the tunnels were greater than the horizontal movements at the same radius to the 
side of the tunnel at the axis level. No measurable horizontal displacements were 
recorded beyond a distance of four times the tunnel radius. Using Equation (2-23) and 
assuming a stability ratio of 2.5 and 30% loading of the lining, the average gradient o f the
lines in Figure 2-16(b) the ratio was calculated to be 87. This was fairly consistent
/
with the ratio previously calculated and Mair and Taylor suggested using a G /  ratio of
/
100 for predictions in London clay.
It appears that closed form solutions are useful for obtaining an estimate of ground 
deformations around tunnels and also allow a better understanding of the mechanisms 
involved during tunnel construction. Some of the input parameters are however still 
obtained empirically or are based on previous experience, which somewhat limits the
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application of these methods. This is confirmed by the literature, which suggests that 
closed form solutions are not widely used in practice for the prediction of ground 
deformations around tunnels.
Hi) Multiple tunnels
The construction of twin tunnels is a common requirement for underground railways and 
therefore often a design consideration. The empirical method can be used to calculate 
surface settlements for multiple tunnels and when two or more tunnels are constructed, it 
is commonly assumed that the ground movements that would have occurred for each 
individual tunnel can be superimposed (Mair and Taylor (1997)). New and 
O’Reilly (1991) state that Equation (2-4) can be extended to describe the transverse 
surface settlement profile for twin tunnels at a depth zq and with an axial separation oiA\
=  ‘5'max
)
(y -^r
(2-24)
where y  is the horizontal distance from the centreline of one of the tunnels.
The assumption of superposition however needs to be qualified, as it appears that when 
tunnels are separated by less than one tunnel diameter, superposition may no longer be 
valid (Mair et al. (1996)). When tunnels are closely spaced, the second tunnel is 
constructed in a zone where the construction of the first tunnel caused appreciable shear 
strains and consequently a reduction in the stiffness of the material. The effect of this is 
that the volume loss for the second tunnel may be higher than for the first tunnel and it 
may also produce an asymmetric settlement trough.
Cording and Hansmire (1975) discussed the settlements recorded during the construction 
of two 6.4 m diameter tunnels with a clear separation, of 4.6 m driven through medium 
dense silty sands and gravels. They showed that the total volume loss recorded was more 
than the volume loss calculated by superposition of the two single tunnels. They also
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showed that the final settlement trough was asymmetric. It is interesting to note that the 
maximum settlement was recorded above the tunnel which was constructed first.
Perez Saiz et a/. (1981) reported volume losses obtained for 5.6 m diameter tunnels with a 
typical clear spacing of approximately 1 tunnel diameter constructed in weathered schists 
and alluvial sands. Volume losses for the second tunnel were generally in the range 80% 
to 125% larger than those recorded for the construction of the first tunnel and the deduced 
settlement profile for the second tunnel was asymmetric. In this case the maximum 
settlement was recorded above the second tunnel.
Lo et al. (1987) and Shirlaw et al. (1988) reported the monitoring results obtained during 
the construction of sections of multiple tunnels forming part of the Singapore Mass Rapid 
Transit scheme. Shirlaw et al. (1988) reported on the construction of two 6 m diameter 
tunnels, one more or less above the other, and separated by 1.7 m. The tunnels were 
constructed in very stiff clay with boulders, using NATM. The surface settlement profiles 
measured at three cross sections along the tunnel route are shown in Figure 2-17. The 
volume loss observed for the first tunnel (south bound) was of the order 1% and the 
surface settlement trough width parameter i was found to be close to 0.5 zo. The 
settlement troughs recorded during the construction of the shallower second tunnel (north 
bound) were consistently significantly wider than expected; i generally being close to that 
measured for the construction of the lower tunnel. Similarly, volume losses were higher 
and varied between 2% and 4%. Lo et al (1987) discussed the construction of 5.85 m 
diameter tunnels with a clear se^'^'ration of approximately 1.5 times the diameter through ’ 
stiff to hard clayey sand alluvium at two different locations. At the first location the 
maximum total settlement was 18% more than that determined empirically. At the second 
location, shown in Figure 2-18, the maximum cumulative field settlement was found to be 
some 100% more than empirically determined. From the figure it is also clear that there 
was a significant bias of the settlement profile towards the tunnel which was constructed 
first. These effects were recorded despite the fact that the tunnels were separated by more 
than one tunnel diameter.
Standing et al. (1996) reported on the settlements recorded during the construction of 
4.75 m diameter twin tunnels approximately 21 m apart. They found that the settlement
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profile recorded for the construction of the second tunnel was asymmetrical about the 
tunnel axis, with a significantly wider trough recorded nearer the previously constructed 
tunnel. ' It therefore appears that tunnels constructed further than one tunnel diameter apart 
also could have a significant influence on one another.
The examples taken from the literature seem to show that when tunnels are constructed in 
close proximity, which includes tunnels separated by more than one tunnel diameter, the 
settlements caused by the construction of the second tunnel are difficult to predict. 
Settlements calculated by superimposing the settlement troughs for two single tunnels 
under-predict the settlements measured in practice. Furthermore, the settlement trough is 
typically asymmetric, in some cases with the maximum settlement occurring above the 
tunnel constructed first, and in other cases the maximum settlement being recorded above 
the tunnel constructed second. It can therefore be concluded that the empirical method 
typically used to estimate the magnitude and extent of settlements above a single tunnel is 
less successful when applied to situations where more than one tunnel is constructed. 
There therefore appears to be no reliable method available for the prediction of surface 
settlements for multiple tunnel situations.
2.2.3 Tunnel support
The design of tunnel support does not form part of the scope of this thesis and is therefore 
not discussed in detail. It is however worth mentioning that Peck (1969a) defined the two 
principal requirements for tunnel lining design, namely that the lining must be able to 
withstand the
• circumferential compressive forces resulting from the ground loading, and
• bending moments that may develop.
These depend on the loading imposed by the ground, which is a complex soil-structure 
interaction problem depending on the amount of ground deformation that occurs, and the 
redistribution of stresses. In order to assess the loading on the lining it is therefore 
necessary to consider the ground deformations that are occurring.
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2.3 Numerical modelling
Design issues for shallow tunnels and the methods used for analysing these, notably 
empirical methods and closed form solutions, have been discussed in Section 2.2. Most 
of these analytical methods were developed from elastic or elasto-plastic theory, or they 
were derived from observed behaviour. They are typically not linked together, i.e. ground 
movements are determined with one technique and the behaviour of the tunnel lining is 
analysed with another technique. In reality the soil and structure interact and all facets of 
behaviour are coupled. To investigate the interactive behaviour of the soil and structure, a 
predictive technique such as numerical modelling, for example the finite element method, 
has to be used.
The use of numerical modelling, specifically for the prediction of surface settlements, was 
briefly discussed in Section 2.2. This is however only one aspect that numerical 
modelling can be used for. Clough and Leca (1989) emphasise that the role of numerical 
modelling is not to replace conventional design tools, but rather to fill gaps that exist in 
the conventional approaches and to help improve them. Proper use of numerical 
modelling can also enhance understanding of the complex tunnelling problem. In order to 
achieve this it is however important to understand the limitations of numerical modelling 
itself and how predictions may be improved.
There are various numerical modelling techniques, for example boundary element, finite 
element and finite different methods, available. The finite element method appears to be 
the most widely used. In the remainder of this section the assumptions it is based on are 
identified, and the factors that play an important role in the accuracy of predictions aiQ 
highlighted.
The steps typically comprising the finite element method are described in various 
textbooks (see for example Potts and Zdravkovic (1999) who specifically describe its 
application in geotechnical engineering). From the description of the method it is evident 
that the following three categories of assumptions and approximations can contribute to 
inaccuracies in finite element predictions:
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• The first category comprises the reduction of the field problem to a boundary value 
problem. This requires simplifications and approximations, essentially implying that 
the three dimensional geometry of the problem is simplified. The introduction of 
boundaries which define the limits of the problem, as well as the approximation of the 
natural variation of geological boundaries, is important to consider, but probably more 
important is the effect that the simplification of the construction process has.
• The second category of simplifications and approximations is that inherent to the 
method itself. The most significant of these simplifications and approximations 
include:
■ discretisation (both the size and type of elements),
■ numerical integration,
■ boundaiy conditions, specifically related to the modelling of ‘excavation’ and 
‘construction’, and
■ strategy for solving non-linear and/or elasto-plastic analysis.
• The third category concerns the constitutive model which relates the stresses and 
strains. This is the part of the analysis that attempts to describe the real ground 
behaviour and is very important.
The importance of the assumptions and the effects of simplifications inherent in the finite 
element technique itself have been discussed by many authors (for example Naylor et 
û/. (1981), Brown and Booker (1985), Britto and Gunn (1987), Hibbitt, Karlsson & 
Sorensen (1997), Potts and Zdravkovic (1999)). In the following sections the effects of 
constitutive modelling and of the simplification of the geometry of the problem are 
considered.
2.3.1 Material behaviour
Although numerical modelling techniques have been continuously refined and developed, 
as indicated by the number of programs commercially available, most geotechnical 
research effort has probably been concentrated on improving constitutive models to mimic 
real soil behaviour. In this section aspects of observed soil behaviour and the modelling 
thereof are discussed.
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i) Real soil behaviour and the modelling thereof
In the last 30 years our knowledge of ground behaviour has increased significantly. 
Aspects of soil behaviour that have been investigated and are considered to be important 
for geotechnical problems include:
• the non-linearity of the stress-strain response,
• yielding even at relatively small strains,
• anisotropy, both with regard to the stress-strain response and strength, and
• the time-dependent behaviour of soils.
a) Stress-strain response
Probably the most significant contribution to improving understanding of the stress-strain 
behaviour of soil in recent years, was the introduction of local strain measurements in 
triaxial testing. Brown and Snaith (1974), Daramola (1978) and Costa-Filho (1980) were 
amongst the first to use local strain instrumentation. During the 1960s and 1970s it was 
found that triaxial tests produced consistently lower stiffnesses than obtained using other 
measurement techniques or values back calculated from the construction of deep 
excavations. Marsland (1971), for example, showed evidence that large diameter plate 
tests gave significantly higher stiffnesses than obtained by triaxial tests performed on 
38 mm and 98 mm samples. St John (1975) showed that the stiffnesses back calculated 
from a number of deep excavations in London clay, were significantly higher than that 
measured with triaxial tests (see Figure 2-19). Local strain measurements confirmed the 
existence of high initial stiffiiess and the strongly non-linear stress-strain response (Costa 
Filho and Vaughan (1980)).
The results obtained with local strain measurements highlighted the importance of 
referencing the strain level at which the stiffness is quoted and clarified the apparent 
discrepancy between triaxial test results and, for example, plate load tests and back 
calculated stiffnesses. The non-linear stress-strain response of soils is shown 
schematically in Figure 2-20. Also shown in the figure are typical strain levels for a 
number of geotechnical structures (Mair (1993)). From the figure it is evident that the 
zone where stiffness degradation is most rapid coincides with the strain levels found for
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geotechnical structures in practice, which underlines the importance of considering non­
linear stress-strain response.
The ability to measure the stress-strain response as very small strains initiated new 
attempts to describe mathematically the non-linear stress-strain response exhibited by 
soils specifically at very small strains. Jardine et al. (1986) (refined in Jardine et al. 
(1991)) proposed a simple relationship to describe the non-linear stress-strain response. 
The non-linearity is described by fitting a periodic logarithmic function to triaxial test data 
and the variation of the shear modulus with deviatoric strain can be described as follows
= A + Bcos
P'
a log 10 S c ) } (2-25)
where 5, C, a  and y are material constants and Sg is the deviatoric strain invariant given 
by
+(^2 +(^1 “ 3^ )  ^ (2-26)
The material constants are determined by fitting a curve to a plot of normalised shear 
stiffness against strain level as shown in Figure 2-21(a). Equation (2-25) however only 
holds for a specified range of strain values and for strains below a lower limit s^m and 
above an upper limit Smax> fixed stiffnesses are assumed. A similar relationship is used to 
describe the variation of bulk modulus with volumetric strain. Jardine et al. (1986) used 
this formulation of non-linear stress strain response to investigate the behaviour of a range 
of geotechnical problems, highlighting the importance of modelling the small strain 
behaviour of soils.
Gunn (1993) proposed a power law expression for describing the non-linear elastic 
response of soils. This power law expression can be manipulated to give the following 
expression for the secant stiffness
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where a and n are material constants determined by fitting the expression to a plot of 
secant stiffness against strain level obtained from triaxial test results. Gunn demonstrated 
that modelling the non-linearity of the stress-strain response improved the prediction of 
surface settlement troughs due to tunnelling, when compared with linear elastic soil 
models and linear elastic perfectly plastic models.
Hird and Pierpoint (1994) proposed a soil model based on the constitutive relations 
suggested by Graham and Houlsby (1983) for a linear cross-anisotropic elastic model (see 
Equation (2-28)).
I jK  1 /J  
1 /J  1/3G
(2-28)
They developed this model to include the non-linear behaviour of soil and used it to 
model an excavation in an over-consolidated clay. Values of K, G and J  were expressed 
as functions of incremental strain energy, based on the results obtained from triaxial stress 
path tests.
Puzrin and Burland (1998) adopted the framework of soil behaviour discussed by 
Jardine (1995) to develop a non-linear elastic soil model within a Mohr-Coulomb failure' 
criteria. The model assumes isotropic behaviour and is formulated in terms of stress 
invariants. The stress space surrounding a stress point is divided into three regions as 
shown in Figure 2-21(b). The first region is the linear elastic region (LER). In the second 
region, the small strain region (SSR), behaviour is still elastic and is defined by a 
logarithmic curve (Puzrin and Burland (1996)). Both these regions are bounded by 
elliptical bounding surfaces that are kinematic. In the region between the SSR boundary 
and the plastic yield surface, the behaviour is still elastic with the shear and bulk moduli 
associated with that on the SSR boundary. The model therefore reproduces the non- 
linearity of the stress-strain response, as well as the effect of stress path reversal.
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The importance of modelling the non-linearity of the stress-strain response of soil is now 
well accepted, but observed soil behaviour also suggests that there are other important 
factors'that influence the stress-strain behaviour. Hight and Higgins (1995) summarise 
the factors influencing the stress-strain behaviour of geo-materials as follows:
• Composition including grading, mineralogy, grain shape and texture.
• Fabric including particle packing (including density), layering and discontinuities.
• Chemical alteration and diagenesis including bonding, fusing and recrystallisation.
• Stress history including the formative (large strain) consolidation stress history (OCR), 
the recent (small strain) stress history (for example reloading, cyclic events, sampling 
disturbance) and time since previous stress changes (ageing).
• Current stress state including mean effective stress level, stress difference and 
principal stress direction.
• Stress path (or strain path) imposed.
• Strain rate both prior to stress change and as a result of the loading.
• Drainage conditions including drainage path lengths, pore pressure gradients, 
permeability and rates of stress (or strain) change.
These factors can be crudely divided into two categories, namely those factors depending 
on the material (for example composition and fabric) and those factors which depend on 
current condition (stresses and strains) and the imposed loading. The first category of 
factors is almost ‘automatically’ taken into account by the method used to determine the 
stiffness. The second category of factors has to be taken into account specifically when 
assessing the stress-strain behaviour and the effect of stress history and stress path
i
direction are briefly discussed in more detail.
The effect of recent stress history on the stress-strain response of geomaterials is 
somewhat controversial. Recent stress history refers to the direction of the current stress 
path relative to the direction of the previous stress path. Atkinson et al. (1990) and 
Jardine et al. (1991) reported triaxial test results that showed a general trend for stiffness 
to increase when the effective stress path turned through a sharp comer. Jardine et 
a/. (1991) showed, for example, that the ratio of compression to extension depended
critically on the recent stress path direction. Hight and Higgins (1995) discussed the 
effect of stress reversals on soil stiffness and concluded that behaviour on reversal of
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stress depends on the length of any pause period at the point of reversal. If the pause was 
sufficient for creep rates to drop to those prior to first loading, the initial small strain 
characteristics appeared to be similar to those determined from the previous loading.
Heymann (1998) investigated the effect of recent stress history on the behaviour of 
different geomaterials, allowing sufficient time for local creep rates to subside to levels of 
approximately 1% of the local shear rates (i.e. insignificant levels). The results obtained 
from tests on Bothkennar and London clay are shown in Figure 2-22. The test strategy for 
the Bothkennar sample was similar to that employed by Atkinson et al. (1990) and 
comprised changes in stress path direction of 90° for Ucol (path CAB), 90° for Uco2 
(path DAB) and 180° for Uco3 (path BAB). The results of the three shear stages are 
shown in Figure 2-22(a). From the figure it is evident that the results matched each other 
closely and suggest that the stiffness is not influenced by the stress path direction. The 
stress paths for the test conducted on the London clay sample is shown in Figure 2-22(b). 
From the figure it is evident that the starting point for both the compression and extension 
shear stages were approached in exactly the same way. This implied a change in stress 
path direction, which was significantly different for compression and extension. Despite
this change in stress path direction, for the two stress excursions were
« 0.001
approximately equal. In fact, shear in extension, which implies the smaller change in 
stress path direction, gave a slightly higher stiffness than shear in compression. The 
stiffnesses at larger strains were however different and are discussed in the section on 
stress path direction. The tests conducted by Heymann therefore show that provided time 
is allowed for creep effects to subside, a change in stress path direction does not influence 
the small strain stiffness of the material. It can therefore be concluded that the recent 
stress history phenomena is probably a result of creep and is influenced by the time 
difference between the loading stages, the preceding rate of shear and the strain level 
(more evident at larger strains) (Hight and Higgins (1995)).
The effect of recent stress history (stress path reversals) has been incorporated into a 
number of constitutive models (see for example Stallebrass (1990), Dasari (1996), Puzrin 
and Burland (1998)). None of these models, however, take into account the effect of time
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and creep rates. The importance of modelling the effect of recent stress history is 
discussed in more detail in the following section on the selection of soil models.
Researchers have shown that a geomateriaTs stiffness depends on the stress state relative 
to the yield surface and the subsequent direction of the loading path (see for example Lade 
and Duncan (1976) and Pierpoint (1996)). When the stress state is relatively close to the 
yield surface, loadings with stress paths towards the yield surface produce a significantly 
softer response than when the stress path direction is away from the yield surface.
Heymann (1998) also investigated the influence of stress path direction on geomaterials. 
Triaxial tests on Bothkanner and London clay samples showed similar behaviour. The 
stiffness at small strain levels was independent of the direction of the loading stress path. 
The stiffness at intermediate strain levels was strongly dependent on the stress path 
direction. The stiffness at intermediate strains was lower when the stress path approached 
the yield surface than when it moved away from the yield surface, irrespective of whether 
it was a compression or extension stress path.
Currently available soil models typically do not allow the modelling of the effect of stress 
path direction on the stress-strain response. One approach to crudely take into account the 
effect of stress path direction is to zone the area around the tunnel into zones that 
primarily experience compression and extension and to assign different stiffnesses to 
these zones (see for example Dasari (1996)). Although this approach might be 
satisfactory to some degree for plane strain analysis, it cannot be used for three ' 
dimensional analyses. It therefore appears that there currently is no material model 
available that satisfactorily takes into account the effect of stress path direction.
b) Yielding
The idealisation of soil’s stress-strain response as elastic, either linear or non-linear, is 
attractive because of its conceptual simplicity. It has been shown, however, that some 
yielding occurs well inside the state boundary surface of a geomaterial (see for example 
Leroueil and Vaughan (1990) and Jardine (1992a)). This implies that some irrecoverable 
strains occur before the material actually fails.
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In order better to understand the elastic-plastic behaviour of geomaterials inside the large 
scale yield surface, various workers have proposed conceptual models based on observed 
soil behaviour (see for example Stallebrass (1990), Jardine (1992a), Simpson (1992)). 
These models typically comprise multiple kinematic yield surfaces. To illustrate the 
important aspects of yielding, consider the conceptual model proposed by Jardine as 
summarised by him (Jardine (1995)) and illustrated in Figure 2-23. For simplicity it is 
assumed that the scheme is time and rate independent.
The large scale yield surface is represented by the Y3  locus. The ¥ 3  envelope represents 
the surface that would conventionally be describe as the ‘yield’ surface, i.e. when stress 
paths reach this surface the soil undergo large scale yielding with fabric changes 
developing. When plotted in normalised stress space, it represents the bounding surface 
that cannot be crossed by undrained monotonie tests. The State Boundary Surface (SBS) 
lies outside the current surface, but can only be reached by following drained probing 
stress paths. The current effective stress point is surrounded by two sub-yield surfaces, 
termed Yj and ¥2 , which are kinematic (i.e. they move with the stress point). The 7; 
surface represents the limits to the region over which the soil response is linearly elastic. 
When stresses are applied which moves the stress point outside this region, the 7/ surface 
is dragged with the stress point and elastic behaviour is only observed when the stress path 
direction alters so as to re-enter the 7; region. The response seen once the 7/ surface is 
engaged is initially hysteretic and non-linear, but strains are recoverable. Appreciable 
plastic straining is delayed until the stress path engages the surrounding ¥ 2  surface. If the' 
stress path continues towards the ¥ 3  locus, the strains become increasingly plastic in their 
nature.
The scheme illustrates the following important aspects of the elastic-plastic behaviour of 
soils:
• There is a region where the stress strain behaviour of soil is linear elastic. 
Heymann (1998) developed local strain measuring devices to investigate the existence 
of such a region and found it to exist for three different geomaterials. He concluded 
that bonding increased the strain limit of linear stress-strain behaviour, but not as 
significantly as might be expected.
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• Following the initial linear elastic response, the stress-strain response becomes non­
linear but strains are still recoverable.
• Long before the conventional yield surface (T?) is reached, plastic strains develop.
The minimum requirement for defining plasticity in a constitutive model is a yield 
function and a plastic potential function (flow rule). Such models are known as perfectly 
plastic models and have been in use for many years (Scott (1985)). The perfectly plastic 
models typically used to define yielding are:
• the Tresca and von Mises models expressed in terms of total stress and therefore 
applied to undrained behaviour, and
• Mohr-Coulomb and Dnicker-Prager models expressed in terms of effective stress and 
used to describe general soil behaviour.
The limitations of perfectly-plastic models were however realised and papers by, for 
example Drucker et al. (1957) and Roscoe et al. (1958) initiated a large field of research 
aimed at a mathematical formulation of a model for soil as an elasto plastic work 
hardening material. The result was the development of elasto-plastic work 
hardening/softening models like the Cam Clay model (Roscoe and Schofield (1963), 
Schofield and Wroth (1968)) and the Modified Cam Clay model (Roscoe and Burland
The problem with the modelling of yielding discussed thus far is that recoverable elastic 
straining occurs until a conventional yield surface is engaged, which means that yielding 
within the yield surface is not modelled. To overcome this deficiency, the concept of 
bounding surface plasticity was introduced (Krieg (1975), Dafalias and Popov (1976)). In 
this approach a bounding surface, which in many respects is similar to a conventional 
yield surface, is defined. Plastic straining is however allowed for stress states inside the 
bounding surface if loading occurs. The magnitude of the plastic strains depends on the 
behaviour defined for stress states on the bounding surface and the proximity of the 
current stress state to the bounding surface. Pure elastic behaviour occurs for unloading. 
An example of a constitutive model based on this theory is the MIT-E3 model developed 
by Whittle to model the behaviour -of overconsolidated clays (discussed in 
Whittle (1993)).
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Although the bounding surface plasticity approach allows the modelling of plasticity 
within the ‘yield’ surface (bounding surface) it still assumes that during unloading the 
behaviour is elastic. In order to overcome this difficulty it is necessary to introduce small 
kinematic yield surfaces which moves within the outer bounding surface. Based on the 
original formulation of Mroz et al. (1981) for multiple yield surface models, Al- 
Tabbaa(1987) and Al-Tabbaa and Wood (1989) developed a model with a single 
kinematic yield surface within the conventional modified Cam Clay yield surface. 
Stallebrass (1990) and Stallebrass and Taylor (1997) extended this model, incorporating 
two nested kinematic yield surfaces. The additional yield surface is called a ‘history’ 
surface and was introduced in order to model yielding at small strains and the effect of 
recent stress history.
Although the advanced models discussed above provide a way of reproducing real soil 
behaviour to some extent, they still have flaws. Models based on kinematic yield surfaces 
tend to predict excessive dilation/contraction because of the normality assumed, 
specifically at very small strains (Gens (1995)). The MIT-E3 model assumes non­
associated flow from very small strains, but it is not possible to determine all the 
parameters required from conventional laboratory tests. The significance and effect of 
each parameter therefore needs to be evaluated before the model is used. Also none of the 
models so far described allow the modelling of the time dependence of soil. In spite of 
the advantages offered by these models they are however not generally available for use in 
commercial finite element programs and are currently largely used as research tools.
c) Anisotropy
In the previous paragraphs the stress-strain response, both before and after yielding, has 
been discussed as if the material was isotropic. Most natural soils are, however, deposited 
vertically through a process of sedimentation, followed by one-dimensional consolidation 
under accumulative overburden pressure over a long period of time. They therefore 
typically have a vertical axis of symmetry and show a special form of anisotropy described 
as transverse or cross-anisotropy. Anisotropic behaviour is therefore inherent in such a 
material. Anisotropic characteristics can also be induced by the applied stress regime.
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Classical contact mechanics theory shows that applying an anisotropic stress regime to an 
inherently isotropic assembly of particles should induce stiffness anisotropy 
(Jardine (1995)). Anisotropic behaviour of geomaterials can therefore be either inherent, 
or can be induced as a result of the applied stress regime.
Simpson et al. (1996) discuss the anisotropy observed for the stiffness of London clay. 
Figure 2-24 shows results of in-situ tests carried out in London clay in which shear waves 
were transmitted vertically and horizontally with vertical and horizontal polarisation. The 
maximum shear stiffness can be obtained using Equation (2-29)
,2 (2-29)
max r' ' sG = v:
where p is the bulk density and is the shear wave velocity. From the data in the figure it 
is evident that the degree of anisotropy is about 0.65. From the figure it is also
/  h^h
evident that the values of v^ h (obtained from a seismic cone) differ from Vhv (obtained from 
cross-hole tests). Simpson and co-authors attribute this difference to layering or other 
features of the soil fabric. In strata with stiffer and softer layers, horizontally propagating 
shear waves will tend to travel through stiffer layers while vertically propagating waves 
must travel through both stiffer and softer layers. They also showed shear stiffness data 
determined from laboratory triaxial tests incorporating bender elements. The laboratory 
tests also produced a degree of anisotropy of about 0.65.
Anisotropic stress-strain behaviour can be incorporated into a constitutive model with 
relative ease, although this is slightly more complex when the non-linearity of the stress- 
strain response is also being modelled. An example of such a model is that proposed by 
Hird and Pierpoint (1994)
d) Time-dependent behaviour
In the preceding discussion the effect that time has on the observed behaviour of 
geomaterials have been mentioned several times. It has been noted that the rate of load 
application and the resulting strain rate has an influence on the stress-strain response of a
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material. It was also noted that the effect of recent stress history on the stress-strain 
response is largely a result of creep. Time has therefore two effects. Firstly, the time 
period over which a load is applied is important and secondly ‘ageing’ has an effect on 
soil behaviour.
Graham, Crooks and Bell (1983) reported the results of laboratory tests on a wide variety 
of lightly overconsolidated natural clay samples (they do not state how the samples were 
taken) and showed that undrained strength and preconsolidation pressure were time- 
dependent. A tenfold decrease in the speed of testing typically resulted in a 10% to 20% 
decrease in these properties. Tatsuoka and Shibuya (1991) reported the results of a study 
on the effects of strain rate on the behaviour of clays and mudstones at small strains. They 
concluded that:
• for strains less than 0.001% shear stiffness was almost independent of strain rate,
• the extent of the linear elastic strain range increased systematically with strain rate, 
and
• shear stiffness was more rate sensitive at strains of 0.01% to 0.1% (an increase of 
approximately 10% per tenfold increase in strain rate was typically observed).
Evidence seems to be overwhelming that strain rates have a significant influence on 
observed soil behaviour.
It was argued previously that the effect of recent stress history can be attributed to creep or 
more appropriately the time allowed for creep to subside. Jardine (1995) states that as an 
element of soil ages, the sub-yield surfaces grow, or re-locate, so that they become more 
central around the current stress point. This is confirmed by Gens (1995) who stated that 
ageing effects are common to most soils and ensures that the stress point essentially 
always is in a similar position with respect to the inner yield surfaces. Allowing time for 
creep rates to subside therefore results in an increased stiffness observed for subsequent 
loading. Evidence of increases in stiffness due to ageing have been reported by various 
workers (see Schmertmann (1991) for a summary). This increase in stiffness can be 
attributed to two mechanisms, namely bonding, which inhibits interparticle sliding, and 
creep, which affects the arrangement of particles over time without change in the stress 
state (frictional mechanism). It is however difficult to separate the relative contribution
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by these two mechanisms and both probably contribute to the ageing effects observed for 
soils.
Modelling the observed time-dependency of soil behaviour is difficult and currently there 
are no soil models available that satisfactorily allows this. Also it appears that the extent 
to which the time-dependency of soil behaviour affects ground deformations in the field 
are not well defined.
ii) Selection o f  material model
The discussion of real soil behaviour and the soil models currently available for use in 
numerical analysis illustrate that the numerical modeller is faced with somewhat of a 
dilemma when having to select a soil model. Currently there is not a soil model available 
that predicts all the known aspects of real soil behaviour. Furthermore, the models that 
come closest to reproducing real soil behaviour, typically require several material 
constants to define the model (the MIT-E3 model, for example, requires 15 parameters) 
and determining these are a problem.
Hight and Higgins (1995) discuss an approach for the prediction of ground movements in 
engineering practice. They highlight a number of important considerations, including
• the purpose of the prediction.
• the ‘accuracy’ with which the material parameters are determined. They mention that 
triaxial, rather than plane strain, testing is typically used with arbitrarily chosen shear 
and creep rates and that sampling effects are often not considered.
• using more sophisticated models results in higher costs and this is not always justified 
when other gross simplifications are considered.
They conclude that not all aspects of known soil behaviour can be modelled in a 
predictive analysis and it is therefore necessary to identify the key parameters that need to 
be incorporated in the soil model. They show that for the prediction of ground 
movements the key factors vary with the type of geomaterial and the form of construction.
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Various workers have investigated the key aspects to include in a soil model when using it 
to predict ground displacements resulting from tunnel construction. Important aspects that 
have been investigated to date include
• the non-linearity of the stress-strain response,
• anisotropy of the soil stiffness, and
• recent stress history and stress path direction.
The effect of these various aspects of soil behaviour are typically evaluated by comparing 
finite element predictions with surface settlement troughs measured in the field. This is 
probably due to the abundance of surface settlement data routinely collected on tunnelling 
projects. It does however highlight the need for high quality field measurements of the 
three dimensional subsurface ground displacements. The three aspects of soil behaviour 
noted above are now discussed in more detail and (out of necessity) their effect for the 
majority of cases on surface settlement predictions are reported.
There is general agreement in the literature that the introduction of a non-linear stress 
strain response significantly improves the prediction of ground displacement patterns.
• Simpson et al. (1979) reported the use of an elasto-plastic stress-strain soil model 
which essentially included bilinear elasticity with initial elastic stiffnesses ten times 
that normally measured in laboratory tests at the time. After a threshold strain the 
elastic stiffiiess was reduced by a factor of ten and maintained at this level until plastic 
yielding. The threshold strain was represented by a kinematic yield surface in strain 
space and a change in the direction of loading would therefore lead to a certain amount 
of straining at the initial higher moduli. They used this model to predict 
displacements next to excavations which were much more realistic than when using 
linear elastic soil models.
• Jardine et al. (1986) proposed a trigonometric function to define the dependency of the 
stiffiiess on the strain level, based on an extensive range of laboratory tests (Jardine et 
al. (1984)). Jardine et al. (1991) showed that it could be successfully applied to a 
wide variety of problems, including gravity base and piled offshore structures, deep 
excavations, large raft foundations and various types of tunnels.
• Gunn (1993) discussed the requirements for a soil model to predict realistically 
surface settlements and proposed a power law expression to define the non-linearity of 
the stress-strain response. He implemented the model in CRISP and calculated
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surface settlement profiles for plane strain tunnels under isotropic stress conditions 
{Ko =1). The results are summarised and compared to a Gaussian distribution curve 
in Figure 2-25. Gunn concluded that the ground loss figures obtained were similar to 
that actually seen for tunnels in London clay, but the settlement curves were too wide 
and the maximum settlement was about 45% of what could be expected in practice. 
Although not very satisfactory, the results were a definite improvement over what was 
achieved using models which incorporate elastic moduli that were not strain 
dependent.
• Addenbrooke et al. (1997) reported a comprehensive investigation of the influence of 
pre-failure soil stiffness on the numerical analysis of tunnel construction. They 
modelled the construction of the twin Jubilee Line Extension Project tunnels beneath 
St James’s Park. For the calculation of the initial stresses they used a constant Kq of 
1.5 with depth. Tunnel construction was modelled using the volume loss method (see 
Section 2.3.2) and comprised unloading until the volume loss observed in the field 
was obtained. This resulted in different amounts of unloading for the different soil 
models used. The surface settlement profiles they obtained for the construction of the 
first tunnel are shown in Figure 2-26. They concluded that modelling the non-linearity 
of the stress-strain response improved the shape of the predicted surface settlement 
profile, but that increasing the threshold small strain stiffness in an attempt to further 
concentrate deformations in the proximity of the tunnel, did not improve the 
settlement prediction at the desired volume loss. Doubling the small strain stiffness 
did not change the predicted surface settlement profile.
The effect of introducing anisotropy on the predicted ground displacements is more 
uncertain. Lee and Rowe (1989) conducted linear elastic perfectly plastic finite element 
analysis of a tunnelling problem specifically to investigate the effect of elastic anisotropy 
on the prediction of surface settlements. They analysed the centrifuge tests conducted by 
Mair (1979) and set up the initial stresses assuming a decreasing K q with depth, being 
smaller than one over most of the depth. The results they obtained are summarised in 
Figure 2-27. They found that the effect of increasing the horizontal stiffness in relation to 
the vertical stiffness had very little effect and only marginally increased the maximum 
surface settlement (see Figure 2-27(a)). Addenbrooke et al. (1997) reached similar 
conclusions after modelling the construction of the twin Jubilee Line Extension Project
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tunnels beneath St James’s Park for which the initial stresses were set up using a constant 
of 1.5 with depth.
Simpson et al. (1996), however, reported finite element predictions incorporating 
anisotropy which suggest that anisotropy does have a significant effect on predicted 
surface settlements. They used two non-linear anisotropic elastic models to analyse the 
Heathrow Express trial tunnel described by Deane and Bassett (1995). Unfortunately it is 
not stated what in-situ stress conditions were used in the analyses. Tunnel excavation was 
modelled using the volume loss method, but it is not stated what percentage unloading 
was required to obtain the volume loss observed in the field. They found that by only 
introducing a non-linear stiffiiess, predictions were still unsatisfactory. With the 
introduction of anisotropy, which they obtained from laboratory and field data to be 
Gvh~ 0.65 Ghhi they found that the field measurements could be reproduced satisfactory. 
They concluded that to obtain reasonable surface settlement predictions it is necessary to 
use a soil model that takes account of the anisotropy observed in the field.
The disagreement on the effect of increasing the horizontal stiffness relative to the vertical 
stiffness is somewhat confusing. Perhaps the reason for these findings relate to the initial 
stress state adopted in the analysis. Anisotropy of stresses and stiffness is usually related 
and in practice one would expect higher horizontal stresses to be associated with a 
correspondingly higher horizontal stiffness. The effect of modelling anisotropy would 
therefore be more pronounced if a high value for K q is used to set up the initial stress 
condition. The case histories discussed above which did not report a significant effect 
when introducing anisotropy used values for K q of smaller than one and 1.5 respectively. 
Simpson et al (1996), who reported that anisotropy has a significant effect on predicted 
surface settlements, do not provide details of the initial stress conditions that was 
assumed. There is therefore insufficient data to support the view of the writer.
Another element of anisotropy that has an effect on the prediction of ground 
displacements is the value used for the independent shear stiffness. Researchers appear to 
agree that adopting a low value for the independent shear stiffness improves the shape of 
the predicted settlement trough (see for example Lee and Rowe (1989) and Addenbrooke 
et al. (1997)). Field measurements of the independent shear stiffness (Simpson et al.
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(1996), however show that the independent shear modulus is not as low as is assumed in 
the analyses which show the improved settlement profiles and that there is therefore no 
sound justification for this practice.
Although the effect of stress history has been investigated to some extent, further studies 
are needed to investigate its effect on predicted ground displacements. Studies reported in 
the literature include the following:
• Stallebrass et al. (1994) used a three surface kinematic hardening soil model that takes 
into account the effect of changes in stress path direction (Stallebrass (1990)) to 
investigate the influence of recent stress histoiy on the prediction of ground 
movements around tunnels constructed in a material representing a typical London 
clay site. Although they state that the effect of changes in stress path direction should 
be of particular interest for the modelling of tunnel construction, during their 
investigation they only considered the stress history due to depositional history and 
subsequent loading and unloading stages prior to tunnel construction. A result of 
modelling the stress history was that the K q profile varied with depth, but did not 
exceed 1.6 close to surface and decreased to values of around one at a depth of 60 m. 
Tunnel construction was modelled using the volume loss method and comprised 40% 
unloading for all analyses. Their results are summarised in Figure 2-28 and illustrate 
that, when using their soil model, modelling of the depositional stress history make a 
significant difference. Some of the predicted settlement troughs, although 
representing the modelling of realistic stress histories, show patterns that are not 
observed in practice. Gens (1995) comments on the results obtained by Stallebrass ei 
al. (1994) and indicates that the model may exaggerate the effects of recent stress 
history. Recent work by Heymann (1998) has shown that the assumptions their model 
is based on are not correct and that with time the effect of stress history diminishes 
(see discussion in Section 2.3.1). Of more interest therefore would have been 
modelling the effect of stress history during tunnel construction, but their investigation 
did not include this.
• Addenbrooke et al. (1997) investigated the effect of modelling stress path reversals 
and concluded that accounting for the effect of changes in stress path direction did not 
significantly affect the predictions for the settlement above a single tunnel, which they 
modelled as being advanced full face.
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• Dasari (1996) reported the results of plane strain and three dimensional finite element 
analyses, some of which were conducted using a strain dependent Modified Cam Clay 
soil model. The soil model simulated both the variation of stiffness with strain and the 
effect of stress path reversals. The tunnel analysed was the Heathrow Express trial 
tunnel. The initial stresses were calculated using a Kq with a value of approximately 2 
close to surface and which decreased with depth. The results obtained are summarised 
in Figure 2-29. He concluded that both non-linearity and stress history influenced the 
predicted surface settlements. These two aspects were, however, not assessed 
individually and there is therefore some doubt about this conclusion. Modelling the 
tunnel construction in 3D, using typical London clay parameters, reduced the surface 
settlements by a factor of approximately 3. The maximum surface settlement 
predicted with the 3D model was of the same order of magnitude of the field 
measurements (29 mm versus 25 mm), but the settlement trough was significantly 
wider than observed in the field.
The selection of the soil model to be used in the numerical analysis is therefore important 
but cannot be considered in isolation. Although the soil type as such is important, it is 
also important to consider the type of construction and even the construction details. Both 
the soil model used and the simplification of the construction details will introduce 
inaccuracies and when modelling the problem it is typically not possible to quantify the 
inaccuracies relevant to the different approximations. Benchmarking and validation of 
numerical analysis are therefore required and are discussed in Section 2.3.3.
Hi) In-situ stress conditions
Although the initial stress conditions, and specifically the initial stress state, are not 
essentially a material modelling issue, they may influence the predictions depending on 
the material model being used. The initial stress conditions, typically defined by Kq, also 
have another very important role where the loading condition comprises excavation. In 
this case the in-situ stresses essentially are the loading condition, and the initial stress state 
will therefore determine the results that are obtained.
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In spite of its obvious importance, in-situ stress is a factor that is surprisingly often 
neglected in the literature when discussing the numerical modelling of tunnels 
(Gens (1995)). In a tunnelling problem the initial stresses are the loading condition and if 
these are not correctly modelled one can hardly expect to predict the settlements and 
subsurface ground displacements observed in the field. The reason for not reporting its 
effect is probably that measuring K q is complicated and obtaining a K q -profile is difficult. 
Even if it were possible to determine an accurate K q profile, it would not be realistic to use 
this profile in a 2D analysis. Construction of the tunnel results in the redistribution of 
stresses, and the stress state when the tunnel reaches a specific section will be significantly 
different from the initial stress condition.
Uriel and Sagaseta (1989) discussed the influence of K q on the predictions of surface 
settlement profiles. They report results (shown in Figure 2-30) that illustrate the severe 
effect Ko have on the predicted surface settlements. The results show that the lower the 
value of Ko, the deeper the surface settlement profile. Addenbrooke (1997) investigated 
the effect of reducing the value of Ko significantly in a zone around the tunnel and 
reported that it had a marked influence on the shape of the predicted settlement trough.
Even when modelling the problem in 3D it is necessary to model a sufficiently long 
section of tunnel to allow for the redistribution of stresses. It can therefore be concluded 
that although setting up the correct initial stresses in the analysis is very important, it is 
very difficult, if not almost impossible, to do.
2.3.2 Geometry o f the problem
It was highlighted in -Section 2.3 that one of the categories of assumptions and 
approximations that contribute to the difference between finite element predictions and 
observed field behaviour is the way in which the geometry of the problem is simplified. 
The effect of the problem geometry, which include
• the introduction (position) of boundaries,
• recognition of the three dimensional nature of most problems, and
• the realistic modelling of the construction process and details
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has not received much attention during the development of numerical modelling. This is 
largely because 3D analyses require considerable computer resources and workers have, to 
date, normally been restricted to modelling problems in two dimensions. Due to the rapid 
advance in computing technology this has now changed, and researchers are increasingly 
able to conduct three dimensional analyses.
i) Boundaries
The introduction of boundaries could have a significant influence on the finite element 
prediction. It is necessary to place the boundaries sufficiently far away from the loading 
conditions to ensure that their influence on the predictions is minimal. This depends on 
the problem being modelled and should be determined by conducting analyses with a 
mesh of increasing size. Gunn (1993) suggests that for tunnelling problems the mesh 
should be 3zo wide (assuming symmetry) and extended to 2zo below the tunnel axis.
ii) 2D and 3D analyses
Tunnelling is a three dimensional problem and the necessity to model it as such appears to 
be well appreciated (see for example Clough and Leca (1989), Gunn (1993), Gens (1995), 
Addenbrooke et al. (1997) and Mair and Taylor (1997)). Due to limitations imposed by 
computer resources, most finite element analyses of tunnels are however conducted in 2D 
involving a simplifying assumption of sorts. Examples of these 2D simplifications 
include treating the tunnel as an axi-symmetric, longitudinal or transverse plane strain 
problem. Rowe and Lee (1992a) discussed using axi-symmetric and longitudinal plane 
strain methods and compared results obtained using them with a 3D finite element 
analysis. They concluded that these 2D simplifications generally did not produce 
reasonable results.
Transverse plane strain is by far the most popular simplification used for the analysis of 
tunnelling problems. In order to overcome the limitation of modelling the three 
dimensional tunnel construction process in plane strain, several methods have been 
developed to approximate the 3D construction sequence in 2D analyses in an attempt to
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account for the 3D redistribution of stresses around the tunnel heading. These 
approximations can be categorised as follows:
• percentage unloading methods, where the lining is introduced after removing a certain 
percentage of the initial stresses.
• volume loss methods, where the initial stresses are reduced until a given volume loss 
is achieved and the remaining load is left in place.
• the progressive softening approach which involves reducing the stiffness of the soil 
within the tunnel, area prior to excavation and placement of the support.
• gap parameter methods where the deformation prior to the construction of the lining 
is controlled by a ‘gap parameter’ which represents the physical clearance between 
the shield and the lining plus an allowance for out-of-plane (3D) ground movements.
Percentage unloading methods are based on the convergence-confinement concept (Panet 
and Guenot (1982)) which describes the interaction between the ground, which deforms 
towards the excavation, and the support, which limits the closure by exerting a confining 
pressure (see Figure 2-1). Three dimensional effects are accounted for by reducing the 
initial stresses imposed by the excavated soil ctq by a certain percentage prior to 
installation of the support. In its simplest form this can be expressed as
cr^  = (1 -  X) cTq (2-30)
where is the radial stress applied to the installed support and X is the unloading 
parameter (0 < , l <  1). It is therefore necessary to select an appropriate value for. X which 
requires considerable judgement and experience. Panet and Guenot (1982) describe the 
use of axisymmetric analyses to select a value for X. The percentage of unloading allowed 
largely determines the volume loss and the X used should therefore produce volume losses 
which are compatible with that measured in the field.
A popular method for taking 3D effects into account is to allow an amount of unloading 
similar to the method described above, but in this case the amount of unloading is selected 
to produce a specific volume loss. The method is described, for example, by Stallebrass et 
ah (1994) and Addenbrooke et al. (1997). Addenbrooke et al. (1997) investigated the
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influence of using different soil models on the predicted settlement trough and used the 
volume loss method to account for 3D effects. They found that different amounts of 
unloading were necessary to match a given volume loss when different soil models were 
used. The percentage unloading required varied between 45% and 100%.
The progressive softening approach was developed specifically for the NATM where a 
bench and heading excavation sequence is used (Swoboda (1979)). It essentially involves 
reducing the stiffness of the soil within the tunnel area prior to excavation and placement 
of the support. Swoboda (1979) showed that the face can, for example, be divided into 
two portions representing the heading and bench areas. The heading area is then softened 
prior to excavation by dividing the stiffness by a softening factor. To achieve the effects 
of softening, a fraction of the excavation forces are applied to the boundary of the future 
tunnel to create soil deformations and stress redistribution. The support is then installed 
and the remainder of the excavation forces on the tunnel boundaiy is removed. The 
process is then repeated for the bench section of the tunnel.
Rowe et al. (1983) introduced the concept of a ‘gap parameter’ for describing the amount 
of ground displacement that should be allowed in a 2D analysis before introducing the 
lining. This method specifically relates to tunnelling where a shield is used and the ‘gap 
parameter’ allows for the physical clearance between the shield (ground) and the lining, 
the out-of-plane (3D) effects and the workmanship. Lee et al. (1992) discussed the 
estimation of the gap parameter and showed that 3D elasto-plastic finite element analysis 
can be used to quantify the gap parameter for use in 2D analyses. Rowe and Lee (1992b) ’ 
showed that, by comparing predictions with field measurements recorded for 14 case 
histories, this approach can successfully be used to predict surface settlements, as well as 
subsurface ground displacements.
Although all these methods attempt to incorporate the effects of the 3D construction 
process in a slightly different way, their effectiveness can only be judged by comparing 
the predicted volume loss with that which can be expected realistically for the specific 
tunnel in the given ground conditions. It is therefore essential to have a reasonable idea of 
the volume loss that can be expected, which is also the quantity which is being predicted. 
The situation is further complicated by the fact that the predicted volume loss is, for
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example, dependent on the soil model used. Whichever method is used, the ‘allowance’ is 
therefore not a predetermined value and is a variable that can be selected to produce the 
desired result. Using these methods to ‘predict’ surface settlements is essentially flawed 
and in many cases the empirical approach may just as well be used. Furthermore, the 
effect of these assumptions on the predictions of subsurface ground displacements are not 
widely reported.
Clough and Leca (1989) noted that the 3D modelling of NATM tunnel construction poses 
fewer problems than the modelling of the more complicated shield tunnelling process. In 
spite of this 3D modelling of shield tunnelling or elements thereof are reported in the 
literature (see for example Kasali (1981), Lee and Rowe (1990), Lee and Rowe (1991), 
Akagi and Komiya (1996)). Kasali modelled the entire shield tunnelling process using a 
linear elastic model for the soil and the principle of superposition to account for the shield 
advance process. He reported trends of ground deformations that realistically followed 
those observed for shield tunnels both for movement longitudinal to and transverse to the 
tunnel.
Several examples of the modelling of NATM tunnels are reported in the literature, but 
case histories where detailed comparison with field measurements are made, are limited 
(Mair and Taylor (1997)). Swoboda et al. (1989), Chen and Baldauf (1994) and Gioda et 
al. (1994), for example, discuss the use of 3D analyses to illustrate the 3D nature of the 
tunnelling problem and in some cases to use the results obtained with 3D analyses to 
benchmark 2D analyses. The results of the 3D analyses are however not compared with 
field observations.
Katzenbach and Breth (1981) were amongst the first to report the results of a non-linear 
elastic 3D finite element analysis of a tunnel constructed using NATM. The purpose of the 
analysis was primarily to simulate the arching ahead of the tunnel face and hence the 
stability of the tunnel heading. The tunnel was constructed in heavily overconsolidated 
Frankfurt clay and in the analysis they assumed a K q equal to 0.8. The non-linear elastic 
material model used was the hyperbolic model (Duncan and Chang (1970)). A finite 
element mesh comprising 990 six and eight noded elements were used (see Figure 2-31). 
The construction of the tunnel was modelled by advancing the tunnel full face in 15 steps.
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From Figure 2-31 it is evident that both the predicted transverse and longitudinal surface 
settlement profiles agreed well with the range of field measurements. This is somewhat 
surprising given the coarse mesh and the soil model that were used. The reason for the 
relatively good agreement between the predicted and measured surface settlements is 
probably the unrealistically low value for K q that was used to set up the initial stress 
conditions.
Dasari (1996) investigated the use of 3D finite element analyses to model the construction 
of a NATM tunnel similar in geometry to the Heathrow Express trial tunnel. A strain 
dependent Modified Cam Clay soil model was used in the analyses. The in-situ stresses 
were set up using a decreasing K q with depth with a value of 2 at surface and 1.25 
approximately at tunnel axis level. The mesh consisted of approximately 1500 
consolidating 20-noded linear strain brick elements. Tunnel construction was simulated 
using a sequential top heading-bench sequence with no stagger between the top heading 
and the bench. The modelling sequence therefore differed significantly from the 
construction sequence used in practice (Deane and Basset (1995)). An unusual feature of 
the analyses, which is not explained, is that the far-field transverse boundary (ahead of the 
tunnel) was fixed in all three directions. The results obtained for the surface settlements 
are shown in Figure 2-29. From the results obtained the following conclusions were 
drawn.
• Plane strain conditions at the start of the mesh were reached after excavation of about 
2 diameters distance of tunnel.
• The predicted transverse surface settlement trough was significantly wider than the 
field observations.
Comparison of 2D and 3D analyses are not frequently reported in the literature and where 
these comparisons are made they are typically used to calibrate 2D analyses (for example 
Chen and Baldauf (1994) and Gioda et al. (1994)). These examples illustrate that by 
adopting one of the 2D approximations described earlier, for example the percentage 
unloading approach, it is generally possible to match the surface settlement profiles 
obtained with a 3D analysis. Dasari (1996) and Dasari et al. (1996) reported the results of 
2D and 3D analyses using exactly the same model, but assuming plane strain conditions 
for the 2D analysis. They report that the surface settlement trough obtained with the 3D
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analysis was closest to the observed settlement trough and lay between the two 2D 
analyses modelling the construction of the tunnel lining as ‘wished-in-place’ and adopting 
a sequential approach respectively.
Nakai et al. (1997) reported the results of 2D and 3D model tests and numerical analyses 
of settlements due to tunnel excavation. The experiment is shown in Figure 2-32(a) and 
the surface settlement profiles obtained from 2D and 3D model tests are shown in 
Figure 2-32(b). ‘Tunnel’ construction was modelled by lowering the blocks individually 
(3D conditions) or simultaneously (2D conditions). Both kaolin clay powder and dry 
Toyoura sand were used in the tests. The numerical analyses were done using a fairly 
complicated soil model capable of modelling the influence of intermediate principal stress 
on the deformation and strength of the soil, as well as the stress path dependency of the 
flow rule. The soil parameters used were however not for kaolin clay, and because of the 
low stresses associated with the test model and the problem of determining the soil 
parameters at these low stress levels, the size of the mesh was increased by a scale factor 
of 100. Initial stresses were set up using the coefficient of earth pressure at rest { K q — 0.47 
for the clay). The mesh comprised 600 20-noded brick elements. The surface settlements 
predicted with the 2D and 3D finite element analyses are shown in Figure 2-32(c). From 
the results of the model tests it is evident that the surface settlements depended on the soil 
properties, as well as the construction procedure, i.e. 2D or 3D conditions. The 3D test 
results in the clay were, for example, considerably greater than that of the 2D test. 
Because of the difference in material models and stress levels a quantitative comparison 
of the model tests and the finite element analyses are not possible. The finite element' 
analyses however showed the same trends that were observed for the model tests. The 
same trends for the clay and the sand were obtained and, furthermore, the larger settlement 
obtained for the tunnel in clay modelled in 3D (versus the 2D) is again evident. These 
model tests and numerical analyses show that there is a significant difference between the 
true 3D conditions and plane strain conditions and therefore underline the need to model 
the geometry of the problem.
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iii) Construction process and details
From the discussion in Section 2.3.l(i) it should be evident that soil behaviour depends on 
the loading conditions and rates. It therefore seems logical that in order to produce 
reasonable finite element predictions, it would be necessary to model realistically the 
construction process and details (Gunn et a l  (1992)). This is however hardly ever 
possible. The difficulties of modelling the shield tunnelling process have been mentioned 
previously and it was stated that the NATM tunnelling process is easier to model than 
shield tunnelling. This is true, but in reality even the construction procedures and details 
of the NATM tunnelling process are difficult to model.
In Chapter 3 the details of the station tunnels at Heathrow Terminal 4, constructed as part 
of the Heathrow Express project, are discussed. It is shown that the construction details, 
for example the doming of the face and method of excavation, were different for the three 
construction teams that worked on the tunnel on a shift basis. Furthermore, progress 
varied during tunnel construction and was influenced, for example, by the breakdown of 
mechanical equipment. From this it can be concluded that the finer construction details 
and rate of construction varied along the length of the tunnel and this is not known to the 
designer before actual construction. To incorporate these details into a finite element 
analysis is therefore not feasible and some assumptions cannot be avoided. This is 
therefore likely to effect the finite element predictions.
2.3.3 Benchmarking o f numerical modelling
The benchmarking of numerical modelling typically checks the three categories of 
simplifications and assumptions that have been discussed up to now and can be 
summarised as follows
• Firstly, the finite element program needs to be validated and this is usually done by
conducting analyses for which there are closed form solutions or which can be
compared with other ‘trusted’ results.
• Secondly, the inaccuracies introduced by the soil model being used need to be
assessed and in order to do this, as many of the geometry assumptions as possible
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needs to be eliminated, by for example comparing finite element predictions using 
different soil models or comparing them with centrifuge model tests.
• Finally, the effect of modelling the geometry of the problem has to be assessed. This 
is probably the most difficult aspect since it is typically not possible to isolate this 
category of simplifications and assumptions. In order, however, to obtain an 
indication of the general accuracy of the finite element predictions, the predictions 
have to be compared with field measurements.
Validation of the finite element code itself is a complex process and the vendor of the 
software normally provides details of the validation process that was used. It is however 
not recommended that based on this it be accepted that the program under consideration 
will perform adequately. A co-ordinated benchmarking exercise, called the 
INTERCLAY II project (Report EUR 15285), illustrated the effect of using different finite 
element codes. The exercise comprised the analysis of 5 different examples by the 10 
European organisations that participated. One of the examples comprised modelling 
progressive tunnel construction under axi-symmetric conditions. The problem is shown in 
Figure 2-3 3 (a) and the initial stresses and soil model to be used were also specified. The 
geometry of the mesh was however not specified and was left to the users who were all 
experienced numerical modellers. The results obtained for the total stress approach are 
shown in Figure 2-33(b). In the figure the radial displacements at three offsets along one 
section are shown. It is evident that there are some significant differences between the 
results obtained. Typically there was more scatter in the results close to the tunnel than 
remote from it. One of the reasons for the scatter was concluded to be the high stress’ 
gradients close to the tunnel, which resulted in some mesh dependency. In spite of this 
mesh dependency, the results still indicate that different finite element codes could 
produce different results and validation of the code to some degree is therefore necessary.
It is therefore necessary to determine what the assumptions and simplifications 
incorporated into the program under consideration are, for example how does it model 
excavation, and then to conduct some analyses for which a ‘true’ solution is known in 
order to investigate if it would be appropriate for analysing the envisaged problems.
The second aspect of numerical modelling that is of interest is the adequacy of the soil 
model being used. Benchmarking of the soil model being used is more complex and is
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usually done by comparing analysis using the same mesh but using different material 
models or by comparing the finite element analysis with model tests. Oetll et al. (1998), 
for example, reported the results of a numerical study of 2D finite element analyses 
dealing with multistage construction of tunnels, using different material models to 
represent the soil behaviour. They compared the following models, namely a linear- 
elastic model and three elasto-plastic models employing the Drucker-Prager, Mohr- 
Coulomb and Drucker-Prager with a cap yield criteria. The surface settlement profiles 
they obtained using the different soil models are shown in Figure 2-34. They also show 
displacements of the tunnel circumference and stresses and strains around the tunnel. 
From their study it is evident that the soil model being used can have a significant effect 
ion the finite element predictions. Similar studies have been reported by, for example, 
Gunn (1993) and Addenbrooke et al. (1997) to investigate the elements of the soil model 
that influence the prediction of surface settlements. All the studies show that the 
predictions are dependent on the soil model used and in order to investigate the relevancy 
of these differences it is necessary to compare the predictions with reality.
Benchmarking of numerical analysis by comparing it with real behaviour as obtained from 
controlled model tests (for example Nakai et al. (1997)) or from centrifuge model tests is 
one way of moving forward without introducing many of the uncertainties related to the 
geometry of the problem. Taylor (1998) discussed the use of geotechnical centrifuge 
modelling to study tunnelled excavations. Originally centrifuge model tests were used to 
study the stability of tunnels. Although the emphasis was on collapse mechanisms the 
overall magnitude of movements were determined and even compared with finite element 
analyses (Mair (1979)). More recently centrifuge model testing has been applied to the 
study of pre-failure events, for example determining the ground deformations caused by 
tunnelling (Grant and Taylor (1996)) or studying the effect of compensation grouting 
(Bolton et al. (1996)). With centrifuge model tests the tunnel construction process is not 
replicated and simplified significantly. The construction process used in the centrifuge 
testing can generally therefore be closely modelled with a finite element analysis, hence 
eliminate many of the geometry simplifications. It is for example possible to conduct a 
plane strain centrifuge model test and compare it with a plane strain finite element 
analysis, where the major difference is the soil model used to describe the soil behaviour. 
Stallebrass et al. (1996) modelled centrifuge tests of tunnel construction using a finite
element program and the three surface kinematic hardening soil model. Although there 
were still some geometry simplifications, for example placing the far-side boundary on 
rollers where in the centrifuge test there will be friction between the soil and the side of 
the container, these were judged to be minimal and it was therefore possible to assess the 
performance of the soil model being used. They concluded that the soil model did not 
adequately represent the observed soil behaviour. Notably the mechanism of ground 
deformation predicted by the finite element analysis differed from the centrifuge model 
test results. Wider settlement troughs were computed than were measured and this 
appeared to be linked to greater movements at the tunnel invert.
Because of the inadequacies of numerical modelling highlighted thus far, it is necessary to 
benchmark predictions against field performance. Mair and Taylor (1997) pointed out 
that general difficulties when comparing finite element analyses with field data can be 
attributed to one or more of the following factors, namely
• deficiencies in the soil model,
• the soil parameters adopted,
• idealisations in the modelling (geometry assumed), and
• possible uncertainties in the field measurements.
The first three of these factors have been discussed previously and relate to the modelling 
aspects. The fourth factor is however also very important. In order to benchmark 
numerical modelling it is necessary to obtain high quality measurements of deformations 
and stresses during construction. Various types of instrumentation are available for the 
monitoring of tunnel construction and are discussed, for example, by van der Berg et al. 
(1998a), van der ISerg ef aA (1998t,) and (Zlayton ef a/. (lS>99t)). Ilesidts otüaiiied ffoin 
monitoring programmes employing combinations of these instruments are widely referred 
to in the literature. There are however two problems that are common when referring to 
field measurements. Firstly, the purpose of the instrumentation programme is not quoted 
(one would expect the results obtained from a research programme to be more trustworthy 
than that obtained from a routine monitoring programme) and, secondly, the accuracy and 
precision of the instrumentation used is seldom quoted. Both these issues influence the 
confidence in the measured values and therefore increase the uncertainty when comparing 
computed and measured results. Standing et al. (1996), for example, present the results of
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a monitoring programme and describe in some detail the instrumentation used and their 
properties. Mair and Taylor (1997) conclude that there are very few reported cases of 
comparisons between high quality field measurements and results obtained from 3D finite 
element analyses. It therefore appears that there is a need to obtain high quality field 
measurements of the three dimensional ground displacements around NATM tunnels, 
which may be compared with finite element predictions.
2.4 Conclusions from literature review
The following is a summary of the most important conclusions made in this chapter.
• The NATM tunnelling philosophy recognises that the redistribution of stresses around a 
tunnel heading mobilises the inherent strength of the ground and is based on the 
principle of allowing controlled deformations to achieve this. When NATM is applied 
to shallow tunnels in soft ground in urban areas, the emphasis is however rather on 
preventing ground deformation by installing a stiff support system (typically a shotcrete 
Iming) as soon as possible after excavation. The relationship between deformations 
around the heading, stress redistribution and the mobilised strength is however still 
important, specifically if the design of NATM tunnels is to be advanced, but it appears 
that this soil-structure interaction problem is not yet fully understood for tunnel 
construction in soft ground.
► NATM tunnel design in urban areas usually requires that the tunnelling-induced 
ground deformations be assessed. There are three methods available for this namely, 
empirical methods, analytical solutions and numerical modelling. Empirical methods 
are well established, but have several limitations. They require that the magnitude and 
extent of the surface settlement be estimated, and although empirical relationships are 
available for this, it is inevitable that it be based on some guesswork related to 
previous experience. Analytical solutions also have limitations and are not widely 
used. Numerical methods are a powerful design tool that may be used to predict 
ground deformations, and also allow assessing of the complex soil-structure 
interaction problem. Both 2D and 3D finite element analyses however predict 
settlement troughs that are wider than observed in the field. The reason for this is not 
clear, but it is probably a result of the three categories of simplifications and
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assumptions that forms part of the technique. Evaluation of subsurface ground 
displacements predicted using numerical modelling are less common, probably due to 
the fact that there generally is a lack of high quality ground displacements measured 
around tunnel headings.
• The three categories of simplifications and assumptions associated with the finite 
element method discussed in this chapter are those inherent to the method, the 
idealisation of real soil behaviour and modelling of the geometry of the problem. 
Assumptions and simplifications inherent to the finite element technique (for example 
mesh discretisation and elements used) may influence predictions and should therefore 
be considered by the numerical modeller. Careful consideration of the implementation 
of the finite element code being used, as well as experimentation with different 
meshes, elements types, etc. are necessary to investigate the effect of these factors.
In order to predict ground displacements that compare well with field measurements it 
is necessary to use a soil model that reproduces real soil behaviour or at least the 
elements of real soil behaviour that are important for the problem under consideration. 
Real soil behaviour is complex and with time understanding of all its elements is still 
improving. Currently no soil model is available that reproduces all the aspects of 
observed soil behaviour. The more advanced soil models that reproduce most of the 
aspects of real soil behaviour require several material constants that cannot typically 
be determined from laboratoiy testing. The numerical modeller is therefore faced with 
the choice of using less sophisticated models which reproduce only some of the 
aspects of real soil behaviour, or using more advanced soil models which require 
several material constants the values of which must be assumed. It is therefore 
necessary to investigate the aspects of real soil behaviour that are important for the 
problem being analysed and to use a model that reproduces these aspects.
Various researchers have shown that the predictions of surface settlements caused by 
tunnelling are highly dependent on the soil model used. It is now widely accepted that 
linear elasticity does not produce realistic settlement troughs and that non-linear 
elasticity significantly improves predictions. There appear to be conflicting 
recommendations regarding the modelling of anisotropic elasticity. Various 
researchers have shown that adopting a soft independent shear modulus improves 
predictions, but there is no field evidence confirming that this is realistic for tunnels in
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London clay (Addenbrooke et a l  (1997)). Simpson et a l  (1996) however showed that 
introducing anisotropy, apparently using typical London clay parameters, made a 
significant difference in the predicted settlement profile. Addenbrooke et a l  (1997) 
however showed the opposite effect and Gunn (1993) also reported this experience. 
These conflicting findings could be due to the initial stress conditions assumed in the 
different analyses. Finally, modelling the effect of changes in stress path direction 
also resulted in some contradicting conclusions. Addenbrooke et a l  (1997) concluded 
that when modelling the construction of a single tunnel, the effect of changes in stress 
path directions was minimal. They however modelled the construction of a TBM 
driven tunnel and apparently excavated the entire tunnel in one step. Under these 
circumstances it would be expected that changes in stress path direction would not 
make a significant difference. Dasari (1996) conducted 3D analyses and concluded 
that modelling changes in stress path direction was important. He did not, however, 
investigate this issue independently. These are only three aspects of soil behaviour 
and there are other aspects that could also be important, for example the effect of the 
stress path direction relative to the yield surface, that have not yet been considered.
The third category of approximations is the simplifications made to the geometry of 
the problem being analysed. In a finite element analysis boundaries are introduced, 
problems are typically modelled in 2D and the construction process and details are 
largely simplified. Modelling tunnel construction as a 2D problem, typically assuming 
plane strain conditions, does not appear to be satisfactory. Different methods have 
been developed to account for some of the three dimensional effects in a 2D analysis. 
These methods typically comprise applying a percentage of the unloading or 
deformation due to removing the soil to take place prior to installing the lining or 
allowing some softening of the ground and/or stress relaxation prior to excavation. 
They all rely on some factor that has to be determined before the analysis is done and 
which is based on field observations. Clough and Leca (1989) suggest that the use of 
2D analyses to represent 3D effects is itself one of the reasons for the shape of 
settlement troughs not being well predicted. In the literature it is therefore often 
suggested that tunnelling is a 3D problem and should be modelled as such (see for 
example Clough and Leca (1989), Gunn (1993), Gens (1995), Addenbrooke et 
a l  (1997) and Mair and Taylor (1997)). This however requires significant computer
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resources and 3D analyses are only now starting to be reported more frequently in the 
literature.
• In order to verify 3D finite element analyses of tunnel construction it is necessary that 
the predictions be compared with high quality field measurements. Field 
measurements of surface settlements and, sometimes, displacements in a transverse 
plane are reported in the literature, but seldom is the purpose of the measurements and 
the accuracy and precision of the instrumentation mentioned. There therefore appears 
to be a limited amount of high quality field measurements of ground deformations 
around a NATM tunnel heading, specifically ahead of the tunnel face, that are reported 
and that can be used for the benchmarking of 3D analyses.
The literature review has highlighted a number of shortcomings in current knowledge, for
which the aims of this research were identified as follows:
• to establish a typical set of ground deformation patterns around a NATM tunnel 
heading which could be used for the benchmarking of finite element analyses, and
• to model the ground deformations around an advancing NATM tunnel using the finite 
element method, in order to investigate the influence of the approximations associated 
with this technique and to improve understanding of the interaction between the 
ground and the shotcrete lining.
The objectives of the research were therefore:
1) To measured the ground deformations ahead of the advancing concourse tunnel at 
Heathrow Express Terminal 4 station.
2) To use the routine monitoring data obtained during the construction of the station 
tunnels at the Heathrow Express Terminal 4 station to establish typical patterns of 
surface and subsurface ground deformations.
3) To investigate the effect of the in-situ stress conditions on the finite element 
predictions.
4) To conduct 2D and 3D finite element analyses specifically to investigate the effect of 
correctly modelling the geometry of the tunnelling problem.
5) To investigate the effect of using elementary constitutive models when the geometry 
of the tunnelling problem is modelled more realistically.
6) To benchmark the 2D and 3D finite element predictions against a set of typical 
deformation patterns established from the field measurements.
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Figure 2-1 Schematic illustration of the ground reaction curve for a rock mass and 
tunnel support system (from Poisel (1995)).
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depth for tunnels in clay (Mair and Taylor (1997)).
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Figure 2-12 (a) Influence of heading geometry on stability ratio at collapse.
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Figure 2-13 Variation of trough width parameter K  with depth for subsurface 
settlement profiles above tunnels in clays (Mair et al (1993)).
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Figure 2-15 Idealisation of tunnel heading for plasticity solutions (Mair and 
Taylor (1993)).
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Figure 2-16 Ground displacements around tunnel headings in London clay 
compared with plasticity solutions (Mair and Taylor (1993)). 
(a) Deformations in front of an advancing tunnel heading, (b) Vertical 
and horizontal subsurface movements in the vicinity of tunnels.
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Singapore MRT system (Lo et aL (1987)).
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Figure 2-21 (a) Variation of shear and bulk moduli with strain level described by 
Jardine et al, (1986). (b) The stress regions surrounding a local origin in 
J-p' space (Puzrin and Burland (1998)).
2»-87
o B K 3  (U co l)  
o  BK3 (Uco2) 
+  B K 3(U co3)
surface
0.0001 0.001 0.01
Sa(% )
(a)
300
250
++.
200
S  150
100
Uex'
yield
surface ....
0.10.010.0001 0.001
o  LC4 (U co) 
+  LC 4(U ex)
S a  iVo
(b)
Figure 2-22 (a) Effect of recent stress history on Bothkennar clay sample, (b) Effect 
of recent stress history on London clay sample, (from Heymann (1998))
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Figure 2-23 Conceptual model for soil behaviour proposed by Jardine (1995).
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Figure 2-28 Surface settlement profiles for (a) shallow and (b) deep tunnels showing 
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3. SITE LAYOUT AND CONSTRUCTION DETAILS
In this chapter the construction of the Terminal 4 underground station, which forms part 
of the Heathrow Express rail link is discussed. The station layout is shown and the 
construction of the station tunnels is discussed. The geometry of the tunnels is shown, 
construction sequence, details and records are presented and observations made during 
construction are highlighted. Finally compensation grouting conducted during 
construction is discussed.
3.1 Station layout
The Terminal 4 station forms the southern end of the Heathrow Express rail link and the 
station layout is shown in Figure 3-1. It consists of two platform tunnels with a central 
concourse tunnel at the northern end. The tunnels are intersected by the north and south 
ventilation tunnels at each end of the station. At the northern end the platform tunnels are 
connected to the concourse by the north ventilation tunnel enlargement and cross passages 
5, 6, 8 and 9. At the southern end the upper ventilation cross passage and cross passages 
1, 2 and 3 connect the platform tunnels and provide access to escape shafts and passages. 
Both the platform and concourse tunnels were driven from the northern ventilation tunnel 
enlargement with access through the northern ventilation shaft.
The tunnels are located underneath the Short Term Car Park at Terminal 4 and various 
other structures are in close proximity to the tunnels. The Terminal 4 building is located 
to the south-east and the Piccadilly underground line and station to the north west. The 
connection between the Piccadilly station and the terminal building, incorporating the 
London Underground Limited ticket hall, runs above the station tunnels clearing the 
upline platform tunnel crown with approximately 5 m and the downline platform tunnel 
with approximately 7 m. A foul pumping chamber is located near the southern end of the 
upline platform tunnel. The distance between the tunnel crown and the foul pumping 
chamber was approximately 2 m.
The platform tunnels form the main part of the Terminal 4 station complex and a cross 
section through the northern part of the station is shown in Figure 3-2. The tunnels are
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located in London clay with approximately 13 m of ground cover. The platform tunnels 
are over 230 m long with a cross-sectional area of 62 m .^ The concourse tunnel is 64 m 
long with a cross-sectional area of 49 m^. The platform tunnels are located at 27 m 
centres with a clear separation of 18 m. The centreline spacing between the concourse 
tunnel and the platform tunnels is 13.5 m.
3.2 Construction of station tunnels
3.2.1 Tunnel and lining geometry
The design of the platform tunnels prior to the collapse was based on the Heathrow Trial 
tunnel geometry (Deane and Bassett (1995)) with a 250 mm thick shotcrete lining and a 
relatively flat invert. Following the collapse of the NATM tunnels forming the 
underground station at Central Terminal Area (CTA), design modifications included the 
following (Powell et a l (1997)):
the lining thickness was increased from 250 mm to either 300 mm or 350 mm, 
the geometry of the tunnel was changed to provide a more circular invert, 
full section lattice girders were introduced, 
heavier mesh was used,
the excavation sequence was changed to a full width top heading instead of a side 
heading.
Typical cross sections of the platform tunnels and the concourse tunnel, illustrating the 
tunnel geometry, are shown in Figure 3-3. The primary support consisted of either 
300 mm or 350 mm sprayed concrete, depending on the proximity of existing structures 
and junctions, reinforced with two layers of mesh (8/8 mm at 150 mm c/c) and full section 
lattice girders.
At the beginning of the works at Terminal 4, dry mix shotcrete with a design strength of 
30 MPa was used. Both the platform tunnels were constructed using dry mix shotcrete. A 
decision was however made to switch to wet mix shotcrete with the same design strength 
for the construction of the concourse tunnel.
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3.2.2 Construction sequence
The construction sequences typically associated with the NATM are discussed in 
Chapter 2. Three of these variations were used for the construction of the Heathrow 
Express Trial tunnel and are discussed by Deane and Bassett (1995). The construction 
sequence adopted for the platform tunnels was determined by geometrical constraints, the 
contractor’s equipment and the need to control deformations at all stages of construction 
(Powell et a l (1997)). Post collapse, all the major tunnels at Terminal 4 were driven 
using a top heading, bench and invert excavation sequence. The construction sequence is 
schematically illustrated in Figure 3-4. The construction sequence was typically
• top heading,
• bench,
• top heading,
• bench, and
• double invert.
The step between the top heading and the bench was usually 3 m, which implied that the 
invert was closed within five rounds of the face. Advance lengths varied from 800 mm to 
1200 mm, depending on ground conditions and design requirements, for example the 
proximity of junctions.
Approximately halfway through the construction of the concourse tunnel, the construction 
sequence was changed. The cycle commenced with the construction of a bench rather 
than a top heading, and was then followed by a top heading and another bench. This 
implied that a bench was excavated after completion of the double invert and meant that 
the muck from the bench was used to backfill the invert. This reduced the moving of 
muck and improved progress.
3.2.3 Construction record
Tunnelling works at Terminal 4 started on 10 May 1994, but were suspended by the end 
of October 1994 after the collapse of the NATM constructed concourse and platform 
tunnels at CTA. At the time of the collapse approximately 25 m of the downline platform 
tunnel and 65 m of the upline platform tunnel at Terminal 4 had been constructed.
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Tunnelling works at Terminal 4 resumed with the downline platform tunnel on 
15 September 1995, followed by the upline platform tunnel on 2 December 1995. The two 
platform tunnels were driven in a staggered formation with the downline tunnel leading 
the upline tunnel by a specified minimum distance of 40 m. The headwall of the downline 
tunnel was completed on 28 March 1996, while the headwall of the upline tunnel was 
completed on 27 May 1996.
After the collapse there were concerns about the face stability of the NATM constructed 
tunnels and at Terminal 4 face dowels were initially installed to improve face stability. 
Their use were discontinued after November 1995 when it became evident that they were 
not contributing to reduce settlement (Powell et a l (1997)). Instead a 50 mm shotcrete 
sealing layer was opted for to provide a safe working environment at the face. Face 
dowels were however again used when the upline tunnel was driven underneath the foul 
pumping chamber.
After completion of the two platform tunnels, construction of the cast in-situ permanent 
concrete lining began immediately. It was a design requirement that the permanent lining 
be completed in the platform tunnels adjacent to the concourse tunnel before construction 
of the concourse tunnel could commence. Construction of the concourse tunnel started on 
28 September 1996 and the headwall was completed on 7 November 1996. Towards the 
end of 1996 all tunnel construction at Terminal 4 was completed.
As part of the construction and quality control management, the progress of tunnel 
construction during every shift was recorded by the contractor’s shift engineer. These 
records included the start and completion time for every construction activity (see 
Section 3.2.4 for a discussion on the various activities), for example the construction of a 
top heading. Any delays or abnormal events that occurred during the shift were also 
recorded. These records were normally completed at the end of a shift, based on notes 
taken by the shift engineer during the shift. Figure 3-5, for example, shows the 
construction record for the downline platform tunnel. Depending on the diligence of the 
different shift engineers the accuracy of the records varied, but it is generally believed to 
be accurate to approximately one hour, although cases where the accuracy was as poor as
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two to three hours cannot be excluded. These records were very useful to correlate the 
tunnel construction with the monitoring results.
3.2.4 Observations made during construction
During the construction of the platform tunnels and concourse tunnel the actual 
construction procedure and details were closely observed as part of the research. This was 
important since one of the objectives of the research was to determine the influence of 
modelling the construction sequences as faithfully as possible.
The construction procedure typically used can be described as follows. Excavation was 
done using a track-mounted excavator. With a skilled operator the excavation was done 
accurately and required limited handwork for trimming the tunnel to the required shape. 
After the excavation had been trimmed with pneumatic spades to the required shape, 
spacers, comprising T-shaped pieces of mesh, were driven into the London clay. The 
nozzleman would then apply a sealing layer of shotcrete, typically between 50 mm and 
100 mm thick, on all the exposed London clay surfaces, including the face. Following the 
application of the sealing layer, the lattice girder and first layer of mesh would be 
installed. The mesh was secured tightly to the overlapping mesh and lattice girders to 
avoid vibration during shotcreting. The area would then be cleaned using compressed air 
and included the removal of all rebound from the sealing layer. The first layer of shotcrete 
would then be applied and the second layer of mesh would be fixed. Finally the second 
layer of shotcrete would be applied. The muck from excavation would generally be 
disposed of while busy with the excavation, or otherwise at any convenient time.. Muck 
was also left to fill the invert portion of the tunnel, which served as a working platform.
Three different construction teams would alternately be working on a specific tunnel face. 
Each team would work six 12 hour shifts (say for example day shift) over a period of six 
days. This would be followed by a three day rest period again followed by six 12 hour 
night shifts. This pattern would be repeated. Implementation of the construction 
procedure and dimensions used by the different construction teams varied in some 
respects. The procedure used for excavating the top heading was the most prominent and 
is a good example. Team A would excavate the top heading more or less textbook style,
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excavating all the material around the perimeter and leaving the central portion to support 
the face until last. Team B would start the top heading excavation on one side of the face 
and progress the excavation across the face from left to right. Team C would use a similar 
approach, but excavate the bottom portion of the top heading from left to right and then 
progress the excavation upwards. In spite of the different procedures excavations times 
would be more-or-less similar. Other details that were observed to differ were the amount 
of doming of the face, and the distance that the excavation was advanced past the lattice 
girder. These were v^ied slightly to suit each team’s construction procedure.
The construction cycle times for a top heading, bench and invert during the concourse 
tunnel construction are summarised in Table 3-1. These average cycle times equate to 
progress of between 6 and 8 m a week, although the completion time of the tunnel suggest 
that progress must have been considerably more in some weeks. Aldrian and 
Kattinger (1997) reported that average excavation advance per week for the construction 
of the platform tunnels was 8 to 9 m with a best of 14 m recorded.
These advance rates mean that at a specific section, completion of the invert (i.e. having a 
completed lining ring in-place) were achieved within 2 to 5 days. Most of the ground 
deformation occurred prior to the tunnel reaching the section, in the relatively short period 
before the lining was completed. This aspect should be considered during the design on a 
monitoring programme.
3.3 Compensation Grouting
Due to the close proximity of various structures, as discussed in Section 3.1, the design of 
the tunnels at Terminal 4 was largely governed by the requirement to control settlement. 
Compensation grouting was used to control the settlement of structures (Aldrian and 
Kattinger (1997)).
Compensation grouting was carried out from a dense network of tube-a-manchettes 
(TAMs) which was installed before the start of tunnel construction. Each TAM included 
ports (sleeves) spaced at 0.5 m intervals along its length. The network of TAMs was 
installed from three shafts, with two arrays of TAMs installed at different levels at the 
South Escape Shaft. The layout of the TAMs is shown in Figure 3-6. The TAMs were
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installed in the London clay at depths varying between 5 and 8 m. This usually left a 
minimum distance of 5 m between the tunnel crown and the TAMs.
A grouting exclusion zone, comprising a zone of one tunnel diameter ahead of the tunnel 
and 5 m above the tunnel crown, was adopted. Almost all of the TAMs were installed 
more than 5 m above the tunnel crown, and therefore fell outside the exclusion zone, and 
could therefore be used at any time. In addition limits were implemented on the grouting 
pressures, volumes and flow rates.
The grouting programme comprised two phases of grouting, namely a preconditioning 
phase and a compensation grouting phase. Preconditioning comprised the injection of 5 to 
50 litres of grout at each sleeve. Preconditioning was intended to close off the vertical 
fissures within the London clay and reduce response times if compensation grouting was 
later required (Aldrian and Kattinger (1997)). Actual compensation grouting was 
managed by using predefined trigger and performance limits for deformation control of 
surface structures. This was based on the sensitivity of structures to settlement and 
distortion. Trigger and performance limits were very seldomly activated during the 
passing of a tunnel and compensation grouting was typically only required when the 
tunnel had passed the specific point by some distance. The procedure adopted for 
grouting therefore resulted in grouting being done some distance (typically at least 30 to 
40 m) ahead of the tunnel top heading and when the tunnel had passed the monitoring 
point by 20 to 30 m.
All the grouting records were obtained from the contractor and processed as p ^  of the 
research. This comprised setting up spreadsheets with the applied grouting volumes at 
each sleeve over the entire period of construction. These data were used to investigate the 
extent of the grouting and assess the impact of the grouting on the monitoring results 
obtained during tunnel construction. In Figure 3-7 the volume of grout applied during the 
construction of the platform tunnels and concourse tunnel is shown relative to the 
construction record for the tunnels. In total a quantity of approximately 200 000 litres of 
grout were applied over this time period.
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Figure 3-8 and Figure 3-9 summarise the grouting that was conducted during the 
construction of the platform tunnels and the concourse tunnel respectively. From 
Figure 3-8 it is evident that most of the grouting done during the construction of the 
platform tunnels comprised small volumes (less than 50 litre/m^) and largely consisted of 
preconditioning. This was due to the small surface settlements resulting from the well- 
controlled construction process, which typically meant that compensation grouting was 
not required. Powell et al. (1997) reported that volume losses during the platform tunnel 
construction typically varied between 0.6% and 1.2% with an average value of 0.9%. The 
majority of the compensation grouting during the construction of the platform tunnels 
were conducted at either end of the station where tunnels were driven close to one another 
and a number of junctions were constructed. From Figure 3-7 and Figure 3-9 it is evident 
that the intensity of grouting during the construction of the concourse tunnel was much 
more significant than during the platform tunnel construction. In several areas grouting 
volumes of up to 320 litre/m^ were applied.
An important consideration for this research was the extent to which the compensation 
grouting influenced the monitoring results. As discussed previously, most of the grouting 
was conducted ahead of the tunnel and when the tunnel had passed the point of interest by 
several metres. It was a general policy on the project to, where possible, conduct no 
grouting in the area around the tunnel heading. As an example consider the surface 
settlement recorded at one of the surface settlement reference points (monitoring point 
D5) over the period of tunnel construction shown in Figure 3-10. Also shown in the 
figure is the grouting conducted over this period within a 5 m plan radius of the 
monitoring point. From the figure it is evident that during the construction of the platform 
tunnels (for the period up to the end of May 1996) only preconditioning was done. No 
compensation grouting was done after the tunnel had passed the monitoring point. 
Significantly more grouting was done during the construction of the concourse tunnel 
(during October 1996). In spite of the amount of grout injected it is again evident that for 
the period when the tunnel passed the monitoring point, no grouting was conducted. In 
this way the grouting data were used to evaluate the possible influence on all the 
monitoring results. This is discussed in more detail in Chapter 5, but in general it was 
concluded that the grouting did not influence the majority of the monitoring results.
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Table 3-1 Construction cycle times obtained during the construction of the 
concourse tunnel.
Construction
activity
Average construction cycle times 
(min)
Top heading Bench Invert
Excavation 112 84 143
Apply sealing layer 44 29 40
Fix lattice girder and mesh 41 23 38
Spray first shotcrete layer 92 32 66
Fix second layer of mesh 41 23 38
Spray second shotcrete layer 50 24 35
Total 379 215 359
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Figure 3-1 Terminal 4 station layout.
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4. GROUND CONDITIONS AND PROPERTIES
The Heathrow Express Project was introduced in Chapter 1 and the geometry and 
construction of the platform tunnels were discussed in Chapter 3. The purpose of this 
chapter is to provide information about the soil and groundwater conditions on the site. A 
typical soil profile is presented and the properties of the geo-materials, obtained during the 
site investigation and subsequent laboratory testing, are discussed. Furthermore, the in- 
situ stress conditions determined during the site investigation are presented. The soil 
properties are compared with properties of similar materials reported in the literature.
4.1 Sources of information
The following sources of information were used to obtain a detailed picture of the ground 
conditions and their properties at the site, namely
• a detailed site investigation conducted for the proposed project,
• the results of tests conducted as part of an EPSRC research contract investigating the 
stiffness of soils and rocks at small strains, and
• the literature.
The site conditions and material properties will be used in later chapters to assist with the 
interpretation of instrumentation results and as input for the finite element analyses. The 
information is thus presented in a way that would typically be used by a design engineer to 
assess the distribution and mechanical properties of the materials on site.
4.1.1 Site investigation
A programme of site investigation on the site for the proposed new Heathrow Express rail 
link between the Western Region main line and Heathrow Airport was carried out by Soil 
Mechanics Ltd between October 1989 and May 1990 with technical supervision of the 
field and laboratory work by Mott MacDonald. The site investigation comprised the 
drilling of boreholes using both cable tool boring and rotary core drilling. The subsurface 
information was supplemented by a number of trial pits. The material properties were 
investigated through in-situ tests and laboratory testing.
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A detailed description of the fieldwork, together with the logging records and details of 
the in-situ and laboratory testing, are presented in the factual report by Soil Mechanics 
Limited (1990). An interpretative report by Mott MacDonald (1990) summarises the field 
and laboratory aspects of the investigation and provides a geotechnical assessment of the 
ground conditions, primarily based upon the results of the 1990 site investigation, but also 
incorporating data from previous surveys on the site.
4.1.2 Research project
An EPSRC research contract entitled ''The stiffness o f  soils and rocks at very small 
strains'' has recently been completed at the University of Surrey. As part of this research, 
undrained triaxial tests with high-accuracy local strain measurements, were conducted on 
block samples of London clay obtained during the construction of the Terminal 4 station 
tunnels. The sampling and testing procedure, as well as the results are discussed in detail 
by Heymann (1998). This is a unique set of results in relation to the small strain stiffness 
behaviour of the London clay. The results are referred to in the appropriate sections in 
this Chapter.
4.1.3 Literature
Skempton and Henkel (1957) have noted that there can be few clays so widespread and, at 
the same time, bearing such a density of buildings as the London clay. It is therefore no 
surprise that the properties of the London clay have been the subject of many research 
projects. In addition many London clay samples has been tested in a multitude of routine 
site investigations for developments on the London clay. These results have been widely 
published and where appropriate will be referenced in the following sections. The fact 
that the properties of thé London clay vary depending on the position in the deposition 
basin (Burnett and Fookes (1974)) is recognised and the purpose of considering the 
published material properties was therefore to
• qualitatively verify the properties reported in the site investigation reports, and
• where there was insufficient, inconsistent or no information available from the site 
investigation, the published data were used to assist in selecting appropriate material 
parameters.
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To achieve this it was not considered necessary to refer to all the published data on 
London clay sites. A number of references were selected based on the following criteria:
• Only key research papers on London clay were considered, preferably for sites 
relatively close to Heathrow.
• When possible references which included the raw data, rather than data in a graphical 
format, were selected.
• It was also required that the sampling and testing procedure be described in a fair 
amount of detail.
• Papers were selected to highlight the various sampling and testing techniques and 
their influence on the material properties.
4.2 Geology and soil profile
4.2.1 Geological setting
According to the 1:50 000 British Geological Survey map (Sheet No. 296) of the area, the 
natural downward succession is Terrace deposits overlying London clay, in turn overlying 
Woolwich and Reading beds. This sequence was generally confirmed by the site 
investigation. At Terminal 4, the thickness of the Terrace deposits was less than 
elsewhere on the site due to the fact that Terminal 4 is situated in cut.
The geological history of the London clay in the Thames Valley is discussed in detail by 
Sherlock (1962), Burnett and Fookes (1974) and, briefly, by Skempton and 
Henkel (1957). The London clay is underlain by the clays and sands of the Woolwich and 
Reading Beds, the sands of the Thanet Beds which, in turn, rest on the chalk. The London 
clay was deposited under marine conditions in the Eocene period about 30 million years 
ago. The Claygate Beds, followed by the Bagshot, Bracklesham and Barton Beds, all 
predominately sandy with occasional clay layers, were deposited on the London clay. 
Subsequent uplift and erosion have removed these sediments together with the upper 
layers of the London clay over large areas. Following each period of down-cutting, 
terrace gravels were deposited.
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4.2.2- Soil profile
Figure 4-1 shows the Terminal 4 site layout and borehole positions. Three boreholes, two 
using cable tool boring (B llA  and E28A) and one using rotary core drilling (A 12), were 
drilled on the Terminal 4 site. All three holes were stopped in London clay at depths 
ranging from 24.6 m to 48.75 m. No significant variation in the observed soil profile was 
recorded, except for the fissuring in the London clay. The soil profile comprised the 
following horizons, with the typical depth range recorded at Terminal 4 shown in 
brackets:
• Made ground (0 to 1.5 m)
This horizon is typically less than two metres thick and comprises bituminous and 
concrete surfaces overlying thin layers of granular fill (generally gravel and fine to 
coarse sand).
• Terrace gravels (1.5 to 2.5 m)
This horizon comprises generally dense, fine to coarse gravels with a little sand and a 
variable amount of fines. It was typically described at Terminal 4 as dense brown 
angular to rounded fine to coarse flint gravel with occasional cobbles and much 
coarse sand.
• London clay (2.5 to 73 m)
The London clay has a weathered surface zone which is typically 0.5 m thick at 
Terminal 4 and described as grey brown mottled orange brown clay with occasional 
fine gravel size lithorelicts of stiff grey brown clay. The unweathered London clay is 
typically a very stiff grey brown clay with closely and very closely spaced randomly 
orientated fissures. At Terminal 4 it was typically described as a stiff becoming very 
stiff fissured grey brown clay, with fissures extremely closely spaced smooth or 
rough, planar or slightly curved, some slightly polished, randomly orientated. 
Spacing of the fissures increases with depth. They are generally very closely spaced 
below 6 m and closely spaced below 15 m. Rare fine or medium gravel size pyrite 
nodules, shell fragments and bioturbation features were observed. Occasional 
partings, thin lenses and fine gravel size pockets of dark grey green fine sand.
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generally increasing in frequency below a depth of 40 m, were recorded. At depths of 
approximately 13.5 m and 14.8 m claystone layers, typically up to 200 mm thick and 
discontinuous, were encountered at Terminal 4.
• Woolwich and Reading Beds (73m+)
The depth of the Woolwich and Reading Beds was only recorded at a few locations 
and is estimated at approximately 73 m at Terminal 4. The horizon consists of a 
variable series of very stiff sandy, silty, multi-coloured mottled clays.
4.3 Properties of the Terrace gravels
The Terrace gravels typically consist of sandy gravel with variable quantities of fines. A 
large number of Standard Penetration Tests (SPT) were carried out in this material. The 
N-value varied considerably, ranging from 10 to over 100, but with the majority of the 
data in the range 20 to 50, suggesting a medium dense to dense consistency (Mott 
MacDonald (1990)). No direct measurement of the stiffness of this material was made. 
Based on the SPT N-values the following properties were assigned to this material (Mott 
MacDonald (1990)):
Young’s Modulus : 50 to 100 MPa
Friction angle : 33° to 38°
The material is considered to be normally consolidated for which (Jaky (1944))
= 1 - sin (4-1)
For friction angles in the range 33° to 38°, ATg equates to between 0.4 and 0.5
4.4 Properties of the London clay
The London clay typically comprises three horizons with different properties (see for 
example Skempton (1961), O’Brien & Newman (1988) and Chandler and Apted (1988)). 
These horizons can be described as:
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• the relatively thin, near surface weathered material termed the “weathered London 
clay”,
• thé main body of the London clay termed the “unweathered London clay”, and
• the lower silty and sandy clay horizon overlying the Woolwich and Reading Beds 
termed the “basal London clay”.
In the interpretative report by Mott MacDonald (1990) a distinction is also made between 
these three horizons.
For most properties there were insufficient data available for the weathered London clay 
(0.5 m thick) and the basal London clay (below a depth of 40 m) to distinguish between 
those and that of the unweathered London clay. Properties of the unweathered London 
clay are therefore presented in the discussion and where possible the properties of the 
other two horizons are highlighted. This is not considered to be a deficiency, since the 
tunnels are located in the unweathered London clay and displacements around the tunnel 
would therefore depend on its properties. Also the weathered London clay is of limited 
thickness and would therefore probably not have a significantly influence on surface 
settlement predictions.
4.4.1 Moisture content and Atterberg limits
The natural water content and Atterberg limits of more than 100 London clay samples 
were determined during the site investigation programme. The results of these tests are 
summarised in Figure 4-2.
Some scatter in the natural moisture content is evident. The moisture content generally 
varied between 23% and 28% in the unweathered London clay. The natural water 
contents of the samples tested by Heymann (1998) ranged between 24.7% and 25.7%. 
The water content is generally slightly lower than the plastic limit. This is also reported in 
the literature and confirms that the clay is highly overconsolidated (see for example 
Skempton & Henkel (1957), Ward et a l (1959)).
The liquid limit showed significant scatter and typically ranged between 60% and 80%. 
The plastic limit was more consistent typically ranging between 22% and 30%.
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Heymann (1998) determined the liquid limit and plastic limit for one of the samples of 
London clay taken in the concourse tunnel and found them to be 71% and 29% 
respectively.
Burnett and Fookes (1974) investigated the regional distribution of engineering index 
properties across the London clay basin. They concluded that there was a gradual increase 
of approximately 25% to 30% in the liquid limit from west to east in the basin. General 
variations within single vertical profiles were of a similar magnitude. They also 
concluded that the liquid limit is largely proportional to the total clay mineral percentage 
rather than the variation in the different proportion of individual minerals. Similar trends 
were found for the plasticity index with a gradual increase of approximately 30% from 
west to east, from values of 40 near Reading to 65 near Harwich.
Examples of the Index properties reported in the literature for London clay are 
summarised in Table 4-1. Comparison of the range of values obtained during the site 
investigation with the values in Table 4-1, shows that the index properties of the London 
clay at Heathrow are of similar magnitude to those of other London clay sites located in 
this area.
4.4.2 Bulk density and Specific Gravity
The bulk unit weight of more than 250 undisturbed London clay samples were determined 
and the results are shown in Figure 4-3. The bulk unit weight typically ranged between 
18 kN/m^ and 21 kN/m^, with a gentle increase in density with depth evident. The bulk 
unit weight of the samples tested by Heymann (1998) ranged between 19.8 kN/m^ and
20.1 kN/m^. These values correlate well with the bulk densities quoted in Table 4-1 for 
other London clay sites.
The specific gravity of 24 samples was determined and values of between 2.64 and 2.74, 
with an average of 2.70, were obtained. This is slightly lower than the values quoted in 
Table 4-1, but is within the scatter that can normally be expected.
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4.4.3- In-situ stress
While estimation of the in-situ vertical stress is usually straightforward (provided the unit 
weight of the materials is known) estimation of the in-situ horizontal stress is not. 
Burland et al. (1979) highlight the considerations when obtaining the in-situ horizontal 
stress for use in design. They illustrate that the earth pressure coefficient at rest is not 
unique for different London clay sites and is very sensitive to stress history. On the other 
hand they showed that the distribution of with depth below the surface of the clay is 
relatively insensitive to stress changes. The horizontal effective stress, cr^o, rather than Ko 
should be regarded as unique for a given deposit and used for comparing the results at 
different sites. It is also this parameter that is ultimately of interest to the design engineer. 
This approach is however only valid if the same reference level for the surface of the clay 
is used, for example the level of the London clay surface after deposition. Selection of 
such a reference level is not always possible and makes comparison of on different
sites difficult.
The in-situ horizontal stress can be estimated from either the mean effective stress 
obtained from laboratory tests, or directly from the test results of some in-situ test 
methods. The use of both in-situ and laboratory test methods for determining the in-situ 
stress state on various London clay sites are reported in the literature. In the remainder of 
this section the methods used for estimating the in-situ horizontal stress at the Terminal 4 
site are discussed and the values are compared with some values reported in the literature.
Of the Heathrow Express site investigation data only the pressuremeter tests results were 
used to estimate cT;,o . Twenty-seven self-boring pressuremeter tests, using a Cambridge 
self-boring pressuremeter, were carried out in four boreholes at Heathrow. One of the 
boreholes was on the Terminal 4 site. The boreholes were commenced using cable tool 
boring equipment with 200 mm diameter casing as required. The hole was drilled to 
approximately 1 m above the scheduled test position. The probe was then inserted and 
self-bored to the required testing depth where the test was done. The pressuremeter was 
withdrawn and the hole continued using 200 mm cable tool equipment to the next test 
position.
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The self-boring pressuremeter tests conducted at Heathrow were used to estimate the in- 
situ total horizontal stress using the lift off pressures for each strain arm and the results are 
presented in the Soil Mechanics Ltd (1990) report. The total horizontal stress determined 
at all the test positions, including the maximum value, the minimum value and the 
averaged value of the three pressuremeter strain arms at each test position, are plotted 
against depth in Figure 4-4. As expected an increasing horizontal stress with depth is 
evident. There is however a significant scatter in the data, even at a single test position. 
Using a hydrostatic pore pressure distribution with the phreatic surface at a depth of 2.5 m 
and a bulk density of 20 kN/m\ contours of the coefficient of earth pressure at rest. Ko, 
equal to one, two and three are also shown on Figure 4-4. A trend of decreasing Ko with 
depth is evident. At shallow depth Ko appears to be typically higher than 3, but below 
10 m the average values for Ko generally vary between 2 and 3.
Clarke (1993) discussed the interpretation of self-boring pressuremeter test results to 
produce design parameters. He provided the following equation that best describes the 
relationship between total horizontal stress and depth:
<7,o= 4 6 z“  (4-2)
The relationship was derived from the results obtained at 15 sites where the London clay 
was within 3 m of the ground surface. Values of total horizontal stress were obtained 
using the inspection method. Clarke acknowledged that this relationship does not 
represent the variation in total horizontal stress with depth for London clay, but suggested 
that it be used as a guide. In order to plot a Ko profile, the total horizontal stress profile 
had to be adapted based on certain generalised assumptions (these will vary between sites, 
but is again used as a guide): a material density of 20 kN/m^, a water table at 1.5 m depth 
and 1.5 m of overburden.
Marsland and Randolph (1977) compared the engineering properties of London clay 
determined from Menard-type pressuremeter tests, using a 60 mm diameter probe in a pre­
drilled borehole, with the values determined from deep in situ loading tests on 865 mm 
diameter plates in 900 mm diameter holes. The tests were conducted on a site near the
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edge of the flood plain of the River Brent at Hendon approximately, 10 km to the north­
west of Central London. The in-situ total horizontal stress was estimated from the 
pressuremeter test results using a technique developed and described by the authors. The 
results are shown in Figure 4-5.
Sometimes K q is estimated from laboratory tests by measuring the pore water suction pk . 
It can be shown that, for a stratum in which the coefficient of earth pressure at rest is 
greater than unity, the value of K q is given by the expression (Skempton (1961)):
(4-3)
The pore water suction can be measured in one of two ways:
e The commonest method is to measure the suction by determining the swelling
pressure in the triaxial cell or oedometer (Burland et al. (1979)). An alternative way 
of estimating the suction in a triaxial apparatus is to apply a sufficiently high initial 
cell pressure (after setting up the specimen in the triaxial cell) to produce a positive 
pore pressure (Burland and Maswoswe, (1982)).
• Chandler and Gutierrez (1986) described a method for measuring the suction in soil
samples using filter paper and this method also seems to be commonly used.
Heymann (1998) determined the pore water suction from the triaxial tests conducted by 
him using the method suggested by Burland and Maswoswe (1982). The results are 
summarised in Table 4-2. Also shown in the table are the K q values calculated for the 
different samples using Equation (4-3) and the following assumptions: a sample depth of 
18 m, a bulk density of 20 kN/m^ for the Terrace gravels and the London clay, a water 
table at a depth of 2.5 m and the parameter As equal to 0.3. Burland and 
Maswoswe (1982) noted that London clay typically gives initial values of As of 
approximately 0.5. Using a value of 0.5 for As, however, resulted in unrealistically high 
Ko values in this case and a value of 0.3 was therefore used. From the table it is clear that 
there is a significant scatter in the results, but this is not uncommon for the determination 
of Ko from laboratory test results.
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Skempton (1961) reported the results of an investigation to determine the in-situ stress 
state oh a site in Bradwell where a slip occurred in a 12 m deep excavation. 
Determination of the in-situ stress state was not complicated by under-drainage or the 
presence of adjacent foundations. K q was determined using a variety of laboratory test 
methods to obtain the mean effective stress for a number of borehole samples obtained at 
different depths. The best estimate profile produced by Skempton using all the results is 
shown in Figure 4-5.
Bishop et a l (1965) discuss the results of an extensive testing programme on block 
samples of London clay obtained during the construction of the 44 m deep Ashford 
Common shaft. The in-situ stress state was estimated from the initial suction measured 
during triaxial testing. The initial suction was taken to be equal to the applied effective 
stress at which the samples neither swelled nor consolidated in the triaxial cell. The 
results obtained are again shown in Figure 4-5.
All the values of the coefficient of earth pressure at rest discussed in the preceding 
paragraphs are summarised in Figure 4-5. From the figure a large scatter in the values of 
K q obtained with the same test method and, certainly, obtained from different test 
methods, is apparent. This scatter is also commonly observed in the literature, see for 
example Clarke (1993) and Burland and Maswoswe (1982). This again illustrates the 
difficulty in estimating the in-situ horizontal stress for design purposes. Based on the 
results shown in the figure a best estimate of a K q profile was selected which was used for 
the numerical modelling.
4.4.4 Undrained shear strength
When estimating the undrained shear strength of a material for design purposes it is 
important to acknowledge that soil does not have an unique strength. Its strength is 
dependent on several factors, including for example the loading conditions (mode of 
failure) and the soil structure. In this section the results obtained at the Terminal 4 site are 
presented and factors affecting the determining of the undrained shear strength are then 
discussed.
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i) - Undrained shear strength profile at Ternnnal 4
As part of the Heathrow Express site investigation programme the undrained shear 
strength of the London clay was estimated from the results of a number of different test 
methods, namely
• results from quick undrained triaxial tests on both 38 mm and 100 mm specimens 
(representing the majority of the data),
• the pressuremeter results, and
• standard penetration test data.
A large number of undrained shear strength tests were performed on 38 mm and 100 mm 
diameter specimens cut from UlOO samples of nominal 102 mm diameter obtained from 
boreholes. The undrained shear strengths determined from all these tests are summarised 
in Figure 4-6. As may be expected for a highly fissured stiff clay, the data show 
significant scatter. The undrained shear strength c„ generally increases with depth from 
approximately 100 kPa at the surface of the London clay horizon to approximately 
300 kPa at a depth of 25 m. The 100 mm diameter specimens show a similar scatter and 
trend as the 38 mm samples, however a large fraction of the values are generally lower 
than that obtained from the 38 mm specimens. This highlights the influence of the size of 
the sample being tested on the determined strength.
Self-boring pressuremeter tests results can be used to estimate undrained shear strength. 
Mair & Wood (1987) described the methods available for estimating the undrained sheaf 
strength from pressuremeter test results. These include
• the limit pressure method, where is calculated from the limit pressure derived from 
the relationship between the cavity pressure (p) and cavity volume (F), and
• the slope of the p\\n{AV/V) curve, where the shear stress at a particular cavity strain is 
equal to the current slope of the p:ln(AV/V) curve and the ultimate slope gives the 
post peak shear strength.
Mair & Wood (1987) commented that strengths obtained with the limit pressure method 
appear to be less sensitive to the assumed reference conditions, and hence less sensitive to 
disturbance associated with installation of the pressuremeter.
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Both-methods were used to estimate the undrained shear strength from the pressuremeter 
data and the results are shown in Figure 4-7. Unfortunately the raw data from the 
pressuremeter tests were not available and the data shown for the undrained shear strength 
estimated from the ultimate slope of the p\\n{AV/V) are those provided in the site 
investigation report (Soil Mechanics Limited (1990)). This was the only method used to 
process the data during the site investigation. The site investigation report however 
provides the additional information necessary to calculate the undrained shear strength 
using the limit pressure method and this was done by the writer. Where possible the 
undrained shear strength was calculated for each strain arm and the values sh o w  in 
Figure 4-7 are the average of the respective strain arm values. The results illustrate that 
there is a difference between the two methods and where the pressuremeter results are 
discussed in the remainder of the section, those obtained using the limit pressure method 
are referred to.
Standard penetration tests (SPT) were generally conducted immediately following the 
taking of UlOO samples in the London clay. Stroud (1974) found that SPT results can be 
used to calculate undrained shear strength values using a correlation factor of 4.4 between 
SPT N-value and the undrained shear strength. This correlation factor was derived from 
triaxial tests on 100 mm diameter samples. Undrained shear strength values calculated 
using this correlation factor is shown in Figure 4-8. From the figure it is evident that the 
best fit profile ranges from approximately 100 kPa at the surface of the London clay 
horizon to 200 kPa at a depth of 30 m. These results are comparable with the laboratory 
test results at shallow depths, but are lower than the laboratory results at greater depths.' 
This trend was also reported by Stroud (1974).
The results of the undrained shear strengths determined from the different test methods 
are summarised in Figure 4-9. Shown in the figure are the best fit lines for the triaxial test 
results, the self-boring pressuremeter results and the SPT results, as well as the values 
obtained at the Terminal 4 site. Note that no SPT-results were available for the 
Terminal 4 site. The results show that all the testing methods gave similar strengths at the 
surface of the London clay, but that the increase of strength with depth differed. The SPT 
results show the lowest strengths at depth, followed by the 100 mm triaxial samples and 
the 38 mm triaxial samples. The self-boring pressuremeter gave the highest strengths.
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To evaluate the undrained shear strengths determined from the site investigation data, a 
number of references were selected to compare with the undrained shear strength values 
obtained at Terminal 4. Due to the various factors that influence the determination of 
undrained shear strength, care should be taken when comparisons like these are made 
(Burnett & Fookes (1974)). Since the purpose of the comparison was only to qualitatively 
assess the Terminal 4 data and to illustrate the factors that should be taken into account 
when assessing the results, such a direct comparison was considered acceptable. The 
following case histories were selected and the results are shown in Figure 4-10:
• Skempton & Henkel (1957) reported on the tests done on samples obtained from 
three different sites in central London. Triaxial tests were conducted on 38 mm 
specimens cut from 102 mm samples obtained from boreholes. All the samples tested 
were vertically orientated. (Note that reference to orientation refers to the in-situ 
orientation.)
• Ward et al. (1965) discussed the results of an extensive testing programme on block 
samples of London clay obtained during the construction of the 44 m deep Ashford 
Common shaft. Using a handsaw and hand trimming, 38mm diameter triaxial test 
specimens were prepared from the block samples. Again the orientation of the 
samples were noted and vertically, horizontally and diagonally orientated samples 
were tested. In total 339 samples, 192 vertical and 93 horizontal, were tested. The 
data shown in Figure 4-10 are the average of the tests at a specific depth. Also 
provided in the paper are results obtained by the Metropolitan Water Board from 
quick undrained triaxial compression tests on 38 mm diameter specimens prepared 
from 102 mm borehole samples in the Ashford Common area. These results are also 
shown in Figure 4-10.
• Marsland and Randolph (1977) compared the engineering properties of London clay 
determined from Menard-type pressuremeter tests, using a 60 mm diameter probe in a 
pre-drilled borehole, with the values determined from deep in-situ loading tests on 
865 mm diameter plates in 900 mm diameter holes. The tests were conducted on a 
site near the edge of the flood plain of the River Brent at Hendon approximately 
10 km to the north-west of Central London. Only the values determined from the 
pressuremeter tests are shown in Figure 4-10. Marsland and Randolph however state 
that the undrained shear strengths determined from the pressuremeter tests were
4-15
greater than the values determined from the large plate tests, i.e while agreement was 
reasonable for tests in the upper portion of the London clay at a depth of 24 m the 
values from the pressuremeter was approximately double those obtained from the 
plate tests.
The results from the references listed above, as well as the best fit lines for the 100 mm 
triaxial test results and the self-boring pressuremeter results obtained at Heathrow, are 
shown in Figure 4-10. From the figure it is evident that there is a significant scatter in the 
data, but that the undrained shear strengths determined from the Heathrow data lie well 
within the range of data given. The scatter in the data illustrates the difficulty that the 
design engineer faces when selecting an undrained shear strength profile as input to his 
design. It is therefore important to understand all the factors that may influence the 
estimated undrained shear strength of a material and to take these into consideration when 
selecting the design profile most appropriate for the specific conditions.
ii) Factors influencing the determining o f undrained shear strength
Burland (1990) indicated that the strength and compressibility of natural clays are 
primarily dependent upon mean effective stress and soil structure (a combination of fabric 
and interparticle bonding). Factors affecting these properties, such as sampling, will 
therefore influence the determined undrained shear strength. The following factors have 
been identified to have a significant influence on the magnitude of the undrained shear 
strength.
a) Sample size
Skempton and Henkel (1957) observed that the undrained shear strength determined from 
38 mm triaxial test results was typically higher than that determined from 100 mm tests. 
They attributed this to the higher probability of fissures in a larger sample. Marsland and 
Randolph (1977) concluded that it has been shown in the literature that triaxial specimens 
on 38 mm diameter specimens often give strengths which are appreciably higher than 
those obtained from tests on larger samples and from large in-situ tests (see for example 
Marsland (1972)). This indicates that the ratio of the dimensions of the volume of the soil 
tested to the dimensions of the intact lumps of clay between the fissures can seriously
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effect the measured shear strength. The Heatlirow site investigation also supports this 
effect. This is an important consideration and when selecting a design profile one should 
distinguish between intact strength and mass strength.
b) Sampling effects
The effect of sampling disturbance, particularly tube sampling (which is routinely used 
during site investigations), on the measured properties of soils has been extensively 
researched (see for example Siddique (1990), Hopper (1992) and Chandler et a l (1992)). 
Clayton and Siddique (1999) summarised the effects of tube sampling and comment that 
in addition to the effects of block sampling, tube sampling induces shear strains as a result 
of the displacement of the soil by the tube and the shear stresses set up between the 
sampler and the soil entering it. These shear distortions have the effect of, firstly, 
changing the pore pressure in the soil (and as a result its effective stress, undrained 
strength and stiffness) and, secondly, damaging the structure of the soil.
Chandler et a l (1992) investigated the sampling disturbance caused by UlOO tube samples 
at two London clay sites by comparing the suctions measured in tube and block samples 
taken from identical depths. They concluded that the process of drive-sampling with 
UlOO samplers significantly increased the effective stress of the London clay samples 
when compared with block samples. The measured increase in effective stress varied 
from 15 to 45 kPa for soft to firm samples of weathered clay from shallow depths, to 250 
to 300 kPa for very stiff samples of unweathered clay. These increases in effective stress 
may result in over-optimistic measurements of undrained strength and excessive values of 
K q. However, sampling also has the effect of destructuring the soil, which will always 
result in a reduction in strength and stiffness. The increase in strength resulting from the 
increase in mean effective stress is therefore offset by the effect of destructuring which 
results in a lower strength.
The data presented by Ward et al (1965) (shown in Figure 4-10) indicated that block 
samples gave significantly higher strengths than tube samples. Ward et a l (1965) stated 
that on average the block samples gave 30% to 60% higher strengths. The data presented 
seem to indicate that the over-estimation of the strength due to effective stress increase as
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a result of tube sampling is less significant than the reduction in strength as a result of the 
destructuring caused by the tube sampling.
c) Method of testing
Gibson and Anderson (1961) compared the shear strengths obtained from pressuremeter 
tests results with that obtained from triaxial tests on 38 mm diameter specimens. The 
shear strengths estimated from the pressuremeter tests near the surface were in reasonable 
agreement with the values obtained from the triaxial test results, but at lower levels the 
pressuremeter tests gave higher strengths than the triaxial tests. This trend was also 
observed at Heathrow where the pressuremeter results indicated undrained shear strengths 
slightly higher than the upper bound of the triaxial test results. Comparison of the 
undrained shear strengths determined from different testing methods is however not 
completely fair. In principle, strengths can only be compared if the soil is subjected to the 
same mode of deformation and this is not true for pressuremeter and triaxial testing.
d) Orientation of the sample
Due to its depositional history, most sedimentary soils are assumed to be anisotropic and 
London clay is no exception. The anisotropy of the London clay has been investigated by 
a number of researchers (see for example Ward et al. (1965) and Atkinson (1975)). The 
majority of the laboratory test data shown in Figure 4-10 represent vertically orientated 
specimens. The triaxial tests on horizontally orientated specimens of London clay (Ward 
et a l (1965)) gave the highest strength values of all the data shown and is typically 
between 1.2 and 1.6 times the vertical undrained shear strength measured by Ward and his 
co-authors. No horizontally orientated samples were tested as part of the Heathrow site 
investigation and it can therefore only be assumed that this trend will also exist on the site.
4.4.5 Stress-strain behaviour
The stress-strain behaviour of soils is complex and influenced by various factors as 
discussed in Chapter 2. Probably the most important considerations when evaluating the 
stress-strain behaviour of a soil with the intention of obtaining design parameters, is the 
influence of mean effective stress, the effect of the stress path and non-linearity, as well as 
anisotropy of the stress-strain response.
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The factor which probably had the most significant effect on the evaluation of the stress- 
strain behaviour of soils was the introduction of local strain measurements in triaxial tests 
(see for example Costa-Filho and Vaughan (1980), Burland and Symes (1982), Jardine et 
al (1984) and Clayton and Khatrush (1986)). This advance in laboratory testing had two 
very important consequences, namely
• it highlighted the fact that soils exhibit a largely non-linear stress-strain response 
especially at small strains (see for example Jardine et a l (1984)), and
• it provided the evidence necessary to explain the discrepancy between the stiffnesses 
measured with in-situ testing methods or back-calculated from field measurements of 
the movements of engineering structures and that measured in the laboratory as 
described for example by Marsland (1971) and St John (1975).
Other factors that typically influence the selection of soil stiffness used for design are 
summarised by, for example, Burland and Kalra (1986) and Clayton et a l  (1991). 
Various stiffness profiles that have been used for design in London clay are shown in 
Figure 2-19 and the factors that contributed to the selection of the different profiles can be 
summarised as follows:
• In all the cases the stiffness increased with depth. The variation of vertical stiffness 
with depth (Equation (4-4)) proposed by Hooper (1973) is often adopted as a 
reasonably conservative design assumption.
EJ = 10 + 5.2z (in MPa) (4'4) '
where z is the depth in metres below the surface of the clay. Simpson (1988) 
commented that the low values adopted near the surface were probably too 
conservative and should be reconsidered. This point is also highlighted by Clayton et 
a l  (1991) who propose the use of a value of 30 MPa at the top of the London clay 
horizon.
• The cases involving vertical loading, namely Hyde Park (Hooper (1973)) and 
Commercial Union (Green (1972)), give lower values of stiffness than for excavation 
of retaining walls, namely Britannic House (Cole and Burland (1972), YMCA (St
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John (1975)) and New Palace Yard (Burland and Hancock (1977)), for which there 
are significant horizontal stress changes. This is believed to reflect the anisotropic 
properties of the London clay. Cross-anisotropy is therefore typically taken into 
account by adopting a horizontal stiffness equal to 1.6 times the vertical stiffness as a 
conservative lower limit to the back analysed field values for excavations (Burland 
and Kalra (1986)).
In should be noted that these stiffness profiles do not take into account the variation in 
mean effective stress that may be relevant to the various sites. The profiles are presented 
relative to the London clay surface and the influence of any overburden on the selection of 
the stiffness profile is not considered.
i) Stress-strain behaviour determinedfor Terminal 4 site
The stress-strain characteristics of the London clay at Heathrow were evaluated using the 
results from three different testing methods, namely
• standard unconsolidated undrained triaxial test results were used to calculate the 
undrained secant stiffness to failure,
• unconsolidated undrained triaxial tests with local strain measurements, allowing the 
complete stress-strain curve to be measured, were used to determine the undrained 
stiffness at small strain levels (these included the results obtained by 
Heymann (1998)), and
• pressuremeter test results were used to determine the undrained shear modulus from 
the unload-reload cycles.
a) Triaxial test results
The undrained secant stiffness to failure, , was calculated from the standard
undrained triaxial test results conducted on vertically orientated 38 mm diameter 
specimens. Although strain measurements were external it has been shown (Jardine et 
al. (1985)) that approaching failure the stress-strain curves plotted from triaxial tests with 
both local and external strain measurements, converge and therefore the secant moduli are 
of the same order for both external and internal strain measurements. Other factors such 
as the strain to failure may however still significantly influence the calculated secant
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stiffness values. Ward et a l (1965) state that the effect of borehole sampling is to 
increase the strain to failure (they report that borehole samples reached up to twice the 
axial strains of block specimens) and therefore reduce the secant modulus considerably. 
Strains to failure for the triaxial tests conducted on the Heathrow samples ranged between 
2% and 18% with an average of 6.4%. The secant stiffness at failure obtained from the 
triaxial test results were typically less than 15 MPa, even at depths of 20 to 30 m, with a 
large scatter in the results. A tendency of increasing stiffness with depth is evident, 
although low values occurred at any depth.
As part of the site investigation nine unconsolidated undrained triaxial tests with local 
strain measurements were conducted on 100 mm diameter and 200 mm long Vertically 
orientated borehole specimens. A graph of the undrained stiffness normalised with the 
undrained shear strength plotted against axial strain (Mott MacDonald (1990)), shows a 
wide spread of results at a particular strain level (see Figure 4-11). In addition to the 
spread some of the results also show higher stiffnesses at larger strains, which is 
unexpected. This spread of results and some of the observed trends are believed to be 
larger than would be expected due to natural variation and raises some doubts about the 
quality of these results.
In addition to the site investigation data the triaxial testing conducted by Heymann (1998) 
provided valuable information about the stiffness of the London clay over the entire strain 
range, i.e. from the very small strain level where the stiffness response is linear elastic to 
the strain levels at failure. The tests were conducted on 100 mm specimens cut from 
block samples taken in the face of the upline and concourse tunnels at Terminai s  (a depth 
of approximately 18 m). Heymann (1998) discussed the disturbance of the block samples 
and concluded that the disturbance was significant (however less than for tube samples), 
but that the samples probably had not been failed. The testing procedure and results are 
discussed in detail by Heymann (1998). In brief the testing programme included 
consolidated undrained triaxial tests with strains measured locally using high accuracy 
LVDT’s (Heymann et a l  (1997)). This enabled the linear elastic response to be measured 
at very small strains (So< 0.0005%). Specimens were returned to their in-situ stress state 
before being tested undrained in compression or extension. The effect of creep on the test 
results was minimised by allowing a sufficiently long rest period prior to loading.
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Loading did not commence before the locally measured creep rate was typically less than 
0.5% of the subsequent local shear rate.
The results of the triaxial tests conducted by Heymann are summarised in Table 4-3 and 
plots of the undrained stiffness against axial strain are shown in Figure 4-12. The 
maximum stiffness (that is the stiffness where the stress-strain response is linear elastic) 
varied between 228 MPa and 274 MPa. The stiffness at failure was around 30 MPa, 
which is higher than the values calculated from the standard unconsolidated undrained 
triaxial tests, and was recorded at axial strains (locally measured) of between 1% and 2%. 
Other interesting conclusions regarding the stress-strain behaviour of London clay 
included the following (Heymann (1998)):
• There was no significant difference in the maximum stiffness obtained for undrained 
compression and extension. Test LC4 comprised loading the same sample, firstly, in 
undrained compression and, secondly, in undrained extension. The maximum 
stiffness obtained for the two stress excursions were 228 MPa and 239 MPa 
respectively, which for all practical purposes are considered to be the same.
• The results obtained from test LC4 were used to evaluate the effect of recent stress 
history on the stress-strain response. The test strategy for test LC4 (shown in 
Figure 2-22(b)) determined that the starting point for both the shear stages were 
approached in exactly the same way. The subsequent compression and extension 
shear stages implied a change in stress path direction which was significantly 
different for compression and extension. Despite these changes in stress path 
direction, values for the two stress excursions were approximately equal. In
fact, shear in extension, which implied the smaller change in stress path direction, 
gave a slightly higher stiffness than shear in compression. This indicates that, 
provided time is allowed for creep effects to subside, a change in stress path direction 
does not influence the small strain stiffiiess of the material.
• The results obtained from test LC4 were used to evaluate the effect of current stress 
path direction on the stress-strain response. Although the small strain stiffness for 
compression and extension loading was essentially the same, the stiffness at 
intermediate strain levels varied significantly. The ratio of El to El was 0.55•' "O.I “0.001
for compression and 0.35 for extension respectively. Heymann (1998) attributed this
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observed behaviour to the direction of the current stress path. At the intermediate 
strain levels the stiffness was lower when the stress path was closer and directed 
towards the yield surface.
b) Self-boring pressuremeter tests
The estimation of a pressuremeter shear modulus, , from pressuremeter test results is
described by Mair and Wood (1987). Although the initial slope of the pressure-cavity 
strain curve can be used to estimate an initial modulus, the installation of the 
pressuremeter is always accompanied by some disturbance. Mair and Wood (1987) 
therefore recommended that the unload-reload cycles be used to obtain the shear modulus. 
The shear modulus is typically calculated from the slope of a chord of a cycle of 
unloading and reloading. A suitable strain origin is selected and the slope of a best-fit 
straight line is substituted in Equation (4-5).
1 A p  
2 %
G p = - —  (4-5)
Unload-reload cycles are usually not done before cavity strains of at least 0.5% have been 
reached. This means that although the effect of installation disturbance is less significant, 
the expansion of the cavity could result in yielding of the surrounding soil and this will 
have an effect on the measured shear modulus. This is illustrated by the fact that Mair and 
Wood (1987) (see also O’Brien and Newman (1988)) reported that the shear moduli 
determined from a second unload-reload cycle tend to be lower than the shear moduli 
determined from the first unload-reload cycle. For this reason Windle and Wroth (1977) 
recommended that only the data from the first unload-reload cycle be used in the 
determination of the shear modulus profile.
Fitting a straight line through the unload-reload cycle and calculating the pressuremeter 
shear modulus using Equation (4-5) assumes that the material acts as a linear elastic solid 
and ignores the non-linearity of the stress-strain behaviour. Various authors (see for 
example O’Brien and Newman (1988), Muir Wood (1990) and Jardine (1992b)) proposed 
methods for analysing pressuremeter results taking into account the non-linearity of the
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stress-strain response. The pressuremeter results presented in the site investigation report 
(Soil Mechanics Limited (1990)) were obtained using Equation (4-5) and unfortunately 
insufficient data were presented to conduct any of the analyses proposed to relate the shear 
modulus to strain level.
The unload-reload cycles of the pressuremeter test results were used to calculate the 
pressuremeter shear modulus. Typically unload-reload stress increments were 200 kPa to 
400 kPa conducted after initial cavity strains ranging from lower than 1% (typically) to as 
high as 10%. Assuming incompressible isotropic behaviour, the shear modulus is equal to 
one third of the Young’s modulus. The undrained horizontal stiffnesses, , calculated at
the various test positions are shown in Figure 4-13. Shown on the figure are the 
maximum stiffness, the minimum stiffness and the average of the three values calculated 
for each of the strain arms of the pressuremeter at a specific test position. Generally two 
unload-reload cycles were done at each test position and in the figure a distinction is made 
between the stiffnesses calculated from the two respective unload-reload cycles. It is 
evident that there can be a significant scatter in the stiffness obtained from each strain arm 
at a specific test position. Also the stiffnesses calculated from the second unload-reload 
cycle and associated with larger cavity strains, are not always lower than the stiffnesses 
calculated from the first cycle. The results indicate that the Young’s modulus increases 
from between 50 MPa and 100 MPa at a depth of 5 m to between 125 MPa and 250 MPa 
at a depth of 30 m.
U) Summary
From the preceding discussion on the stress-strain behaviour of London clay it should be 
evident that the material does not have a unique stiffness and that the calculated stiffness 
is influenced by a number of factors. It is therefore important to appreciate what is 
measured with the different testing methods and then to use a consistent framework for 
evaluating the material behaviour. In this way the input parameters for a design can be 
selected, but it should also be noted that these input parameters might vary depending on 
the design method used. The purpose of this summary is therefore, firstly, to comment on 
the stiffness data for the London clay obtained from the Heathrow Express site
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investigation data and, secondly, to compare this data with the stiffness profiles typically
used in designs published in the literature.
The undrained stiffnesses obtained at different depths, from the various testing methods,
are summarised in Figure 4-14. Shown in the figure are
• the vertical undrained secant stiffness at a strain level of 0.1%, , calculated from
the instrumented unconsolidated undrained triaxial tests with local strain 
measurements,
• the vertical undrained secant stiffness at strain levels of 0.01%, and 0.1%,
El^^, respectively, calculated from the high quality triaxial tests conducted by 
Heymann (1998), and
• the average undrained horizontal stiffness, E^ , calculated at each pressuremeter test 
position using the pressuremeter shear modulus for the first unload-reload cycle,
• the stiffness profiles proposed by Clayton et al. (1991) and typically used for design 
in London clay.
From Figure 4-14 the following can be concluded:
• The locally instrumented triaxial tests conducted as part of the site investigation gave 
considerably lower stiffnesses than the other test methods. This is surprising since 
the triaxial tests were conducted using local strain measurements. It however 
confirms the doubts about the quality of these tests.
• The vertical stiffnesses determined from the triaxial tests conducted by 
Heymann (1998) are the only data on the vertical stiffness of the London clay that 
seem to be reliable for the Heathrow site. Unfortunately the data are restricted to the 
level of sampling which corresponds approximately to the tunnel axis level. The 
stiffnesses at 0.01% strain obtained from these results are high even in comparison 
with the horizontal pressuremeter stiffnesses. The stiffnesses at 0.1% strain is similar 
in magnitude to the stiffness profile suggested by Clayton et al. (1991) and in fact 
straddles the trend line.
• There is a significant scatter to the horizontal stiffnesses determined from the 
pressuremeter test results, but a general increase with depth is apparent. The
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horizontal stiffness profile suggested by Clayton et al. (1991) appears to fit the 
pressuremeter data reasonably well.
4.4.6 Permeability
Permeability is probably one of the most difficult material parameters to determine. It is 
influenced by many factors, such as porosity, fabric, discontinuities, etc. and is usually 
different in the horizontal and vertical directions. Furtheimore, the difference between the 
permeability of a sample of material determined in the laboratory and the permeability in 
the field is always an issue that needs to be considered. Measuring of permeability using 
in-situ testing methods may be more appropriate, but also has drawbacks. Assessing the 
permeability of the London clay using standard in-situ testing methods is complicated 
further by the low permeability and the corresponding small flows that can be generated. 
Although permeability is not of direct relevance to the current research the permeability of 
the London clay determined during the site investigation is briefly presented.
A limited amount of permeability testing in the piezometers installed during the site 
investigation, was conducted at Heathrow. The tests yielded values of permeability in the 
range 2.7x10'^ to 2.6x10'^° m/s (Mott MacDonald (1990)). These permeabilities are 
somewhat higher than the results of previous investigations at Heathrow, which yielded 
values in the range 1x10’^  to 1x10*^  ^m/s (Mott MacDonald (1990)).
Chandler et al. (1990) reported on the permeability measurements made on a site in 
Bradwell, Essex, using different techniques, including laboratory tests, constant head 
permeability tests using low air-entry piezometers and a self-boring permeameter. They 
report a general trend of decreasing permeability with depth. Values obtained from the 
piezometer tests varied from 1.4x10*  ^m/s at a depth of 5.5 m to 4.3x10*^  ^m/s at 40.5 m. 
These permeabilities were considerably higher than the values obtained from tests using 
the self-boring permeameter, which varied from 9.3x10’^^ m/s at a depth of 5 m to 
5.0x10'^^ m/s at 14 m. The permeabilities obtained from the laboratory tests varied from 
1.4x10'^^ m/s at a depth of 4 m to 1.0x10**' m/s at 20 m for vertical specimens and from 
2.8x10*" m/s to 1.5x10*" m/s at 40.5 m for horizontal specimens, indicating an 
anisotropy ratio of approximately 2.
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The permeability of the London clay is largely controlled by the discontinuities and the silt 
and sand partings and laminae present. It may therefore vary considerably from site to site 
depending on the local conditions. In addition the permeability determined from different 
testing methods varied significantly. The following is however evident:
• There is a general trend of lower permeability with depth.
• The permeability in the horizontal direction is higher than (roughly twice) the 
permeability in the vertical direction.
4.4.7 Discontinuities
The London clay is highly fissured and this could have a profound influence on its 
mechanical behaviour (see for example Ward et al. (1959), Bishop et al. (1965), Costa- 
Filho (1984)). After a study by Ward et al. (1959) on block samples of London clay 
obtained from various tunnel construction sites across London, they describe the 
following three structural features observed in the London clay
• laminations which are horizontal for all practical purposes and sometimes obvious to 
the eye,
• fissures, the extent and occurrence of which may vary significantly, and
• ‘backs’ (a miner’s term) which appear to be tectonic in origin. Generally they are 
rather like fissures and form a series of intersecting curved surfaces, which sometimes 
have a wet shiny surface due to a soft thin film of clay and sometimes they are 
slickensided.
All three these features were observed by the writer during the construction of the 
Heathrow Terminal 4 station tunnels.
During the site investigation logging of the cores retrieved from the rotary boreholes 
showed that the London clay is extremely closely fissured (spaced less than 20 mm apart) 
to a depth of approximately 6 m below the top of the horizon and very closely fissured 
(spaced between 20 mm and 60 mm apart) for a further depth of around 10 m. Below this 
depth the London clay was generally closely fissured (spaced between 60 mm and 
200 mm apart), Zones of intense fissuring were however observed at all depths.
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As part of the monitoring programme during tunnel construction, the tunnel face was 
logged at regular intervals by a geologist. During the construction of the concourse 
tunnel,' additional face logging was conducted by a geologist working for Mott 
MacDonald and the findings of this exercise are discussed in a report (Mott 
MacDonald (1997)). From the face logging it can be concluded that there are two 
dominant discontinuity orientations, namely sub-horizontal and sub-vertical. The sub­
horizontal discontinuity set is the most persistent and is generally smooth and planar with 
the spacing typically 80 mm to 150 mm. The prominent sub-vertical discontinuity set is 
less persistent, often smooth and planar, but occasionally slickensided and curviplanar, 
with a spacing of typically between 150 mm and 200 mm. Numerous other discontinuities 
were observed, but appear to be random and of low persistence.
During tunnel construction the highly fissured nature of the clay was also confirmed. The 
material exhibited a blocky nature and tended to fail on pre-existing fissures during 
excavation. Block sizes varied with the maximum dimension anything from 50 mm to 
500 mm. The larger blocks tended to have a tabular shape, confirming that the sub­
horizontal discontinuities are closer spaced and more persistent than the vertical.
The effect of the fissures on the mechanical properties of the London clay can be 
summarised as follows:
• The effect of fissures on the undrained and drained strength of London clay has been 
reported in the literature by several researchers (see for example Bishop and 
Little (1967), Marsland (1971)). The general tendency is that the presence of fissures 
results in a reduction in the strength.
• The effect of fissures on the stiffness of London clay is discussed by Costa- 
Filho (1984). He concludes that analytical and experimental evidence suggests that 
the effect of fissures on the initial portion of the stress-strain curve is not significant 
provided they are and remain closed.
4.5 Groundwater conditions
During the site investigation two standpipe piezometers were installed on the Terminal 4 
site in the London clay with the filters at depths of 20 m and 46 m in boreholes B l l A  and 
A12 respectively. The recorded waterlevels in the two standpipes after installation are
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shown in Figure 4-15. The readings show that the pore water pressure at depth (46 m) is 
almost hydrostatic. There is a significant variation of the waterlevel recorded in the 
shallower piezometer, generally varying between 3.7 m and 2.2 m. It is not possible to 
determine the groundwater regime conclusively from this data.
Considering all the piezometers installed during the site investigation, Mott MacDonald 
(1990) concluded that the piezometric surface is located within the Terrace gravels, with 
the water table typically 2 to 3 m above the base of the gravels. Furthermore it appeared 
that the water pressures at the tunnel horizon are hydrostatic relative to the groundwater 
table. Piezometric measurements made in the basal beds of the London clay suggest that 
the London clay is not underdrained at this site.
As part of the monitoring programme during construction, a large number of vibrating 
wire piezometers were installed on the Terminal 4 site. Most of the piezometers were 
installed in light percussion boreholes, pushed approximately 0.5 m into the London clay. 
A small number of piezometers were installed in sand cells, sealed with bentonite.
A typical result obtained from a section of three vibrating wire piezometers is shown in 
Figure 4-16. The stable portion of all the piezometers’ output, assumed to be the 
equilibrium pore pressure at that depth prior to construction, were used to determine the 
pore pressure profile at Terminal 4. Figure 4-17 shows this equilibrium pore pressure- 
depth profile. The scatter of the data is significant, but as shown in Figure 4-17, a 
hydrostatic pressure distribution fits the data reasonably well. The evidence of a 
hydrostatic pore pressure profile again suggests minimal effects from under drainage. 
Upper and lower bound hydrostatic pressure distributions are shown in Figure 4-17 and 
indicate that the phreatic surface is between Im and 5m below ground surface.
Based on this data and observations made on site, the phreatic surface was assumed to be 
at a depth of 2.5 m with a hydrostatic pore pressure increase with depth for all calculations 
and the numerical modelling during this research.
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Table 4-1 Summary of Index properties of London clay reported by others.
Reference Site Location
Atterberg limits
Moisture
content
(%)
Specific
Gravity
Bulk density 
(kN/m )^
Liquid
limit
(%)
Plastic
limit
(%)
Skempton & Henkel (1957) Paddington 74-85 20-29 23-30 2.74 (avg.) 18.2-20.1
Skempton & Henkel (1957) Victoria 70-79 28-30 25-36 2.74 (avg.) 18.7-20.6
Skempton & Henkel (1957) South Bank 63-91 26-31 23-30 2.74 (avg.) 19.0-20.1
Ward ef a/. (1959) Various 61 -80 21-31 21-26 - 20.1 -20.9
Ward et al. (1965) 
Bishop et al. (1965)
Ashford 60-71 24-29 22-26 2.72 - 2.77 20.4 - 20.7
Hubbard et al. (1984) Bell
Common
61 - 65 20-25 24-27
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Table 4-2 Summary of initial mean effective stress measurements from triaxial 
test results on samples of London clay obtained at Heathrow 
Terminal 4 (Heymann (1998)).
Test no Storage time 
(days)
Initial moisture 
content
(%)
Suction,
(kPa)
Ko Effective
horizontal
stress
(kPa)
LCl 155 • 25 j 172 0.78 159
LC2 162 25.6 542 3.35 686
LC3 269 25.2 440 Z64 541
LC4 128 24.7 446 :L68 549
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Table 4-3 Summary of triaxial test results on samples of London clay obtained at 
Heathrow Terminal 4 (Heymann (1998)).
Test no Brief description Linear elastic 
strain range,
l^inear
(%)
Secant stiffness at various strain levels 
(MPa)
E0.001 Eo.oi Eo.i Ei.o
LCl Undrained
compression to failure
0.004 260 245 151 52
LC3 Undrained extension 
to failure
<0.001 274 233 98 30
LC4(Uco) Undrained
compression
0.004 228 229 129 -
LC4(Uex) Undrained extension 
to failure
0.002 239 198 84 27
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Figure 4-1 Terminal 4 site layout and borehole positions.
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Figure 4-2 (a) Moisture content against depth below the top of the London clay
and (b) Atterberg Limits against depth below the top of the London 
clay.
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Figure 4-3 Bulk density against depth below the top of the London clay.
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Figure 4-5 Values for the coefficient of earth pressure at rest versus depth 
reported for various London clay sites. Also shown are the values 
obtained by Heymann (1998) and those obtained from the SBP tests 
carried out during the site investigation at T4.
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Figure 4-7 Undrained shear strengths estimated from self boring pressuremeter 
test results at Heathrow using the slope method and limit pressure 
method respectively.
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Figure 4-8 Summary of undrained shear strengths determined from SPT tests
conducted during the Heathrow site investigation.
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Figure 4-11 Undrained stiffness normalised by the undrained shear strength 
plotted against axial strain obtained from the locally instrumented 
triaxial tests conducted as part of the site investigation (Mott 
MacDonald (1991)).
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Figure 4-12 Undrained stiffness against axial strain obtained from locally 
instrumented triaxial tests (Heymann (1998)).
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5. DEFORMATIONS OBSERVED DURING CONSTRUCTION
The construction of the Terminal 4 station tunnels was discussed in Chapter 3 and the site 
conditions, including the distribution of materials and their properties, were presented in 
Chapter 4. In this chapter the typical behaviour of the station tunnels during construction 
as observed from the deformation of the lining and the surrounding soil is discussed. 
Firstly, monitoring during the construction of the platform and concourse tunnels is 
discussed. Secondly the instrumentation used during the monitoring is described and 
discussed and, thirdly, typically observed patterns of surface settlement, tunnel lining 
displacement and ground deformations around the tunnel headings are presented and 
discussed.
5.1 General details of monitoring during construction
The monitoring data presented in this chapter were obtained either as part of the routine 
monitoring programme, for which the construction team was responsible, or the 
additional ground deformation monitoring undertaken by the writer during the 
construction of the concourse tunnel. In this section general details of both the routine 
monitoring and the additional monitoring at Terminal 4 are presented.
In addition to the deformation monitoring, pressure cells, both tangential and radial cells, 
were extensively used as part of the monitoring at Terminal 4. The use of these 
instruments for the monitoring of stresses in and on the sprayed concrete lining was also 
investigated as part of the research at Terminal 4, but discussion of the results falls 
outside the scope of this thesis. The results have been published elsewhere (van der Berg 
et al. (1998a); van der Berg et al. (1998b); Clayton et al. (1999a); Clayton et al. (1999b)). 
Furthermore, piezometers were widely used to monitor the pore pressures during tunnel 
construction. The changes in pore pressure during tunnel construction were the subject of 
a MSc project at Imperial College and are discussed by Kambo (1997). This thesis 
restricts itself to the presentation of deformations observed during monitoring.
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5.1.1 Routine monitoring programme
On the .Heathrow Express project the tunnel design was described as ‘fully engineered’ 
(Heathrow Express document dated 31 July 1995, unreferenced) and therefore did not 
rely on the implementation of the Observational Method (Peck (1969b), (1985)) for the 
construction of a stable tunnel. Nonetheless an extensive monitoring programme was 
implemented, the objectives of which were (Heathrow Express document 
“Instrumentation and Monitoring Specification” (1994), unreferenced):
• To determine ground movements, in-situ stresses and variations in pore water 
pressures in the vicinity of underground excavations.
• To check the adequacy of ground support in tunnels and excavations and to 
determine any required modifications of such support.
• To determine the effects of construction work on existing structures above and below 
ground, natural slopes, temporary excavated slopes and permanent excavated slopes, 
which may or may not form part of the Project.
Based on these objectives, specific requirements were established and the monitoring 
system was designed by the tunnel design team. According to these requirements the 
following parameters were monitored during construction of the station tunnels at 
Terminal 4:
• surface settlement and settlement of overlying structures,
• vertical ground deformations around the tunnels,
• pore pressures around the tunnels,
• deformation of the tunnel lining, and •"
• the stresses in and on the sprayed concrete tunnel lining.
The instrumentation layout for routine monitoring of the platform and concourse tunnels 
at Terminal 4 is shown in Figure 5-1. From Figure 5-1 it can be seen that the 
instrumentation was concentrated in sections, of which there were three types, namely:
• regular monitoring sections (RMS),
• stress monitoring sections (SMS), and
• main monitoring sections (MMS).
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Regular monitoring sections consisted of an array of six convergence bolts fitted with 
optical targets for the monitoring of tunnel lining deformation. They generally occurred 
at 20 m intervals along the platform and concourse tunnels. Stress monitoring sections 
occurred between regular monitoring sections, also at 20 m intervals, giving basic 
instrumentation at 10 m spacing. Stress monitoring sections included tangential and 
radial pressure cells and piezometers in addition to convergence bolts similar to those in 
the regular monitoring sections. In addition to the instrumentation installed at stress 
monitoring sections, main monitoring sections also included multiple-rod extensometers 
installed from the surface. There were five main monitoring sections spaced at irregular 
intervals of approximately 40 m along the length of the platform tunnels. An example of 
a main monitoring section is shown in Figure 5-2.
The instrumentation not installed from within the tunnel, including settlement monitoring 
points, multiple-rod extensometers and piezometers, was installed either prior to 
commencing construction in 1994 or approximately 2 months prior to re-starting 
construction in September 1995. This instrumentation was installed by a specialist 
instrumentation contractor. The in-tunnel instrumentation, comprising the pressure cells 
and optical targets, was installed during tunnel construction by engineers working for the 
contractor (SCL engineers). The SCL engineers were also responsible for reading all the 
instrumentation except that requiring surveying. Settlement points, the heads of 
extensometers and in-tunnel optical targets were monitored by the contractors team of 
surveyors. The monitoring frequencies during the construction of the platform and 
concourse tunnels are shown in Table 5-1. ‘ '
5.1.2 Additional monitoring during concourse tunnel construction
The construction sequence adopted at Terminal 4 determined that the concourse tunnel 
could only be constructed after the permanent lining in the downline and upline platform 
tunnels had been completed. This allowed the opportunity to instrument a section of 
London clay between the two platform tunnels and record the ground deformations 
resulting from the construction of the concourse tunnel. A plan layout of the Terminal 4 
concourse tunnel area is shown in Figure 5-3. The installation of the permanent lining in 
the upline and downline platform tunnels included the stubs for the cross passages.
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Ultimately the cross passages would link the platform tunnels and concourse. It was 
therefore possible to install instrumentation horizontally spanning the ground between the 
stubs in the platform tunnels. In addition, instrumentation could be installed vertically, 
from the surface, approximately on the concourse tunnel centreline.
After identifying this unique opportunity to obtain a data set of ground displacements 
ahead of an advancing NATM tunnel, a significant effort was required by all parties 
involved, since the monitoring system had to be put in place over a period of 
approximately four months. Firstly, the Heathrow Express management team and Balfour 
Beatty’s (the contractor) approval had to be obtained. Secondly, a research proposal had 
to be submitted to EPSRC in order to obtain funding for the additional instrumentation. 
Furthermore, the monitoring programme, including the instrumentation, had to be 
planned and designed and the instrumentation procured. Finally, the contractor was 
responsible for the installation of the casing required for the deflectometer and this 
activity had to be fitted into the construction programme without resulting in any delays.
i) Purpose o f additional monitoring
One of the major uncertainties in NATM tunnelling is the material behaviour at the tunnel 
heading and ultimately its stability. Although most NATM tunnel failures occur at the 
tunnel heading as a result of advancing into unforeseen ground conditions (HSE (1996)), 
several issues, not necessary related to tunnel stability, were identified as being poorly 
understood. The purpose of the additional instrumentation programme was therefore to, 
obtain a high quality set of ground displacement data ahead of an advancing NATM 
tunnel in order to enhance understanding of the behaviour of NATM tunnel headings. 
The objective of the instrumentation was to measure the horizontal and, if possible, 
vertical displacements in the London clay as the concourse tunnel was advanced, whilst 
not disrupting the construction process.
ii) Instrumentation selection
It was decided that the optimal instrumentation layout would comprise horizontally 
installed instrumentation between the two platform tunnels, supplemented by vertically
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installed inclinometers on the concourse tunnel centreline. To achieve the objective of 
the monitoring programme, various instrumentation alternatives and their impact on the 
construction programme were considered.
Measuring vertical displacements with instrumentation installed horizontally is not 
uncommon using, for example, electrolevels (Murugamoorthy et ah (1996)) or horizontal 
inclinometers (Neerdael et al. (1990)). These instruments make use of transducers that 
rely on gravity and can therefore not measure horizontal displacements. In general, 
measuring horizontal displacements with instrumentation installed horizontally is not 
common and commercially available instrumentation for this purpose is largely restricted 
to instrumentation used for the surveying of horizontally drilled boreholes, for example 
the deflectometer (Interfels (1996)) and the Maxibor system. Horizontal displacements 
are more commonly measured using instrumentation installed vertically, for example 
inclinometers (Marshall et al. (1996)) or electrolevels (Standing et al. (1996)). 
Consequently ‘home-made’ instrumentation alternatives, for example using a strain- 
gauged bar, were considered.
In the limited time available it was decided to use deflectometers for the following 
reasons:
• they could be manufactured within the time available,
• their precision and accuracy were superior to the other alternatives considered, and
• their use would not disrupt the construction programme.
They also had the advantage over vertically installed instruments that when the top’ 
heading passed the instrumentation section, the lower instruments could still be used. 
Deflectometers had, however, never been used for this purpose before, and therefore 
vertical inclinometers were also installed.
Hi) Instrumentation layout
The instrumentation layout used for monitoring ground displacement during the 
construction of the concourse tunnel is shown in Figure 5-3. At each of the two cross 
passage locations, chains of deflectometers were installed at different levels across the 
height of the concourse tunnel. In addition to the horizontally installed instrumentation.
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fourvertical inclinometers were installed from surface. It was the intention to install five 
inclinometers, one on either side of the deflectometer installations and one in the middle. 
Unfortunately, one of these positions was inaccessible and the arrangement shown in the 
figure was adopted.
5.2 Instrumentation details
The instrumentation used during the routine monitoring and additional monitoring of 
displacements is discussed in this section. The discussion of each instrumentation type is 
generally structured to touch on the following issues:
• purpose
• installation and calibration (where relevant) details
• use during monitoring
• processing of results, and
• performance during monitoring
5.2.1 Precise levelling
Surface settlements and the settlement of overlying structures were monitored using 
precise levelling. The settlement results were used for controlling the settlement of 
structures, primarily using compensation grouting, and to qualitatively monitor the 
construction process. The precise levelling discussed here concerns the monitoring of the 
ground settlements and not the settlement of the structures.
Control points for surface settlement monitoring were installed prior to any construction 
at Terminal 4. The control points were installed in the roads and on the pavements, in 
either concrete or tarmac. Where in roads, the control points were in small manholes for 
protection. Base readings were taken and agreed before commencing construction. Base 
readings were again taken before the influence of construction reached the monitoring 
point (see Table 5-1) and thereafter at the frequencies specified in Table 5-1. Surveying 
at the operational Terminal 4 was not easy and to ensure the required precision and 
minimise disruptions to the public, surveys were normally conducted between 22h00 and 
06h00, since this was the quietest time at the busy terminal building. In order to achieve 
the required precision of ±0.5 mm, appropriate equipment was used and strict
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methodologies were adopted. A Leica NA3003 electronic precision level with a bar 
coded invar staff was used. The equipment was calibrated in accordance with the 
manufacturer’s recommendations. As far as could be established the precision of the 
precise levelling was not checked during construction.
The surface settlement results were processed using the software package DEDALOS 
(Deformation Data Logging System) which is part of the ITMS (Integrated Tunnel 
Measuring System) used on the Heathrow Express project and which is discussed in more 
detail in Section 5.2.2. The results were presented in graphical format for the day-to-day 
monitoring control during construction. A file with all the results in ASCII-format was 
obtained by the writer. Software, produced by the writer in Visual Basic, was used to 
process the results in Microsoft Excel. A typical result of the surface settlement 
monitoring obtained with precise levelling is shown in Figure 5-4.
Since portions of the platform tunnels were already constructed prior to suspending all 
NATM construction on the project, monitoring continued during the period of no­
construction (October 1994 to September 1995) and data obtained during this period were 
used to evaluate the performance of the precise levelling. Figure 5-5 shows typical 
examples of surface settlement monitoring of different control points during this period of 
no-construction to illustrate the precision typically achieved. From the figure it is evident 
that the precision was generally (for all practical purposes) of the order ±0.5 mm, and 
taking into account all data points did not exceed ±1.0 mm. It can however be concluded 
that the method of monitoring surface settlement using precise levelling was sufficiently ’ 
reliable to give the repeatability required on this project.
5.2.2 Three dimensional displacement monitoring
Three dimensional precision convergence monitoring is an optical measurement method 
used for determining the displacement of underground excavations in three directions. 
The method is normally used as an alternative to the traditional approach of monitoring 
convergence using tape extensometers (Schubert and Vavrovsky (1994)).
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On the Heathrow Express project, the three dimensional displacement of the tunnel lining 
was monitored using the ITMS (Integrated Tunnel Measuring System) system which uses 
the software package DEDALOS (Deformation Data Logging System) for the processing 
of results. The ITMS system comprises a total station, special optical targets and the 
DEDALOS software. The three-dimensional deformation of the tunnel lining is 
determined by the opto-trigonometrical measurement of survey points (convergence pins 
fitted with optical targets) in an absolute co-ordinate system. Measurements are carried 
out with a high precision total station. The Leica Wild TC2002 was used on the 
Heathrow Express project. All measuring data are recorded electronically and 
downloaded to a PC loaded with the DEDALOS software, which handles data 
management, computations and production of graphical output. At Terminal 4 this 
system was used to monitor the deformation of the tunnel lining at the monitoring 
sections typically spaced at 10 m intervals along the length of the tunnels. Monitoring the 
deformation of the shotcrete tunnel lining was the primary method used for evaluating the 
behaviour of the lining and the construction process (Powell et ah (1997)).
i) Installation and monitoring during construction
Each monitoring section included six convergence bolts fitted with optical targets. A 
typical layout and the convention used for the discussion of the results are shown in 
Figure 5-6. The convergence bolts were installed after applying the sealing layer and 
erection of the reinforcing and lattice girder. They were secured to the lattice girder or a 
piece of steel reinforcement bar driven into the London clay. A typical instrumentation , 
installation in the sprayed concrete tunnel lining is shown in Figure 5-7. After installation 
of the convergence bolts and completion of the tunnel lining section, targets were fitted 
and base readings were taken as soon as the surveyors could obtain access. Comparison 
of the contractor’s construction record and the time recorded by the surveyors when 
taking the base readings indicate that the base readings were generally taken within 8 
hours of completion of the lining section. Due to the backfill material in the invert, the 
target in the invert required special treatment. This target was installed in the same way 
as the others, but using a longer bolt which was protected with a steel pipe and cover. 
When taking readings, a target was fitted onto the convergence bolt to protrude above the 
material backfilled in the invert.
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The following procedure was used for taking readings. The total station was set up on a 
tripod in a position from which the targets were visible, but which was not obstructing 
traffic or activity at the congested tunnel face. The distances between the instrument and 
the targets were usually not more than 30 m. Optical targets that could be damaged if left 
in place were removed after taking readings. These targets were therefore fitted and
readings were taken, usually with the help of a headlamp to improve visibility. Once the
readings had been taken, the data were downloaded onto a PC with the DEDALOS 
software installed, and the data were processed. The free-station position of the 
instrument was calculated by resection to stable targets in previous monitoring arrays. 
The software checks and uses all stable points for the calculation, automatically excluding 
all points that are still moving. A minimum of 6 to 10 stable points is required for the 
calculation.
ii) Processing o f results
The output from the DEDALOS software comprised graphs showing the displacement of 
an array of monitoring points in the vertical, horizontal (cross-sectional plane) and 
longitudinal (along the length of the tunnel) directions (see Figure 5-6). These plots were 
used for the day-to-day monitoring. Files with all the results in ASCII-format were 
obtained by the writer. Software, produced by the writer in Visual Basic, was used to 
process the results in Microsoft Excel. A typical set of tunnel lining displacements 
obtained at an instrumentation section is shown in Figure 5-8(a), (b) and (c).
Hi) Performance
A  typical performance specification of a high quality total station is of the order of 0.5" 
in the precision of angular measurements (horizontally and vertically) and 1 mm ±1 part 
per million standard deviation in the precision of measurements of distance from the 
instrument. The narrow aspect within a tunnel means that the determination of the lateral 
and vertical displacement of a target is affected more by the angular accuracy of the total 
station than by its distance accuracy. An angular error of, for example, 0.5" is equivalent 
to a lateral or vertical target position error of about 0.05 mm for a 20 m range offset from
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the instrument. The precision of the instrument is therefore significantly better than the 
repeatability that is typically obtained under site conditions. Geodata, the suppliers of the 
ITMS system, quotes a typical repeatability of ±1.0 mm for absolute co-ordinates within a 
range of 80 m (Geodata (1995)). Schubert and Vavrovsky (1994) reported typical mean 
errors for the position of control points of between 0.7 mm and 1.5 mm.
To illustrate the precision of the lining displacement monitoring, the displacements of the 
three targets in the top heading of the upline platform tunnel at chaînage 22 are shown in 
Figure 5-9, for the period when construction ceased. The results show that the precision 
of the displacement measurements for a specific reference point, in all three directions, 
was not worse than ±1.0 mm. It should however be noted that this data represents ideal 
conditions, with no construction activity and with the tunnel lining having stabilised. 
Under these conditions the method used by the DEDALOS software for calculating 
reference points worked satisfactory.
Inspection of the lining displacement data, of which examples are presented in Figure 5-8 
and Figure 5-9 show that the precision of the displacement monitoring is different for the 
three directions of lining displacement, namely vertically, horizontally and longitudinally. 
The precision of the vertical displacement measurement appeared to be better than that 
obtained with the horizontal and longitudinal measurements. Furthermore, the precision 
of the lining displacement monitoring appeared to be influenced by the method used for 
determining reference points. In Figure 5-10 the vertical displacement of the crown target 
obtained at different chainages along the length of the downline tunnel is shown. The 
data suggest that the repeatability of the measurements deteriorated with increasing 
chainage, when moving away from the ‘old’ part of the station tunnels with stable 
reference points.
Another important aspect of the ITMS system is the reliability of the system, which 
proved to be disappointing. The major reason for this is the fact that the convergence 
bolts protruding from the lining were easily damaged. The bolts were most likely to be 
damaged when construction activity was close to the monitoring section and lining 
displacements had not stabilised. Of the 25 monitoring points installed in the crown of 
the 240 m-long upline tunnel, for example, only 9 provided information that is considered
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to bê meaningful. The precision and reliability of the monitoring system was also 
influenced by the fact that some targets, generally in the bench and invert, were removed 
and fitted again when taking readings. Monitoring of the displacements of the targets in 
the tunnel invert proved to be unsuccessful and was discontinued during the construction 
of the upline and concourse tunnels.
In summary it can be concluded that the precision of ±1.0 mm over a distance of 80 m, 
quoted by Geodata is realistic only under ideal conditions and very optimistic under 
working conditions. The precision of the displacement measurements proved to be 
dependent on the method used for calculating the position of reference points and was 
different in the vertical, horizontal and longitudinal directions. In practice the precision 
of the system proved to be as poor as ±3.0 mm and where displacements were of the same 
magnitude, it was difficult to interpret the data. In general the reliability of the 
monitoring system proved to be unsatisfactory and at very few of the monitoring sections 
were meaningful data obtained for all 6 the targets.
5.2.3 Multiple-rod extensometers
Multiple-rod extensometers were used to monitor construction-induced vertical ground 
displacements at various positions within the soil mass surrounding the tunnels. They 
were installed at main monitoring sections, spaced approximately 40 m apart.
A typical multiple-rod extensometer installation is shown in Figure 5-11. The number of 
extensometers per installation varied between 2 and 4. A typical extensometer 
arrangement at a main monitoring section is shown in Figure 5-2. All the extensometers, 
with the exception of the extensometers at MMS I (which was installed prior to any 
construction), were installed approximately two months before the restart of construction.
The multiple-rod extensometers at Terminal 4 were read by the SCL engineers using a 
micrometer. Base readings were taken and the reading frequency shown in Table 5-1 
adopted. To reference the extensometers, their heads were surveyed as part of the precise 
levelling programme. Because the extensometer readings and the surveying of the 
extensometer heads were done by two different parties, it was not always possible to co­
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ordinate the measurements. Most of the time the level of the extensometer heads 
therefore had to be estimated from the precise levelling data. Figure 5-12 shows the 
vertical displacement recorded at an extensometer on the centreline of downline platform 
tunnel at MMS VIII.
The accuracy and precision of an extensometer system is difficult to predict and is 
influenced by ground conditions and installation. Dunnicliff (1988) quotes typical 
precisions of between ±25 and ±125 micron, given a sound installation and fixed 
reference point for readings.
The precision of the extensometer readings obtained during the construction of 
Terminal 4 is illustrated in Figure 5-13. The figure shows the vertical displacements 
measured during the period of no-construction at MMS I, Extensometer 8, located on the 
centreline of the concourse tunnel. Figure 5-13(a) shows the measurements referenced to 
the movement of the extensometer head obtained through precise levelling and 
Figure 5-13(b) shows the data assuming that the deflectometer head is not moving. From 
the figure it is evident that the precision is largely determined by the precision of the 
precise levelling, which was estimated to be of the order ±0.5 mm in Section 5.2.1. If the 
variability of the precise levelling is eliminated by assuming a stable head, the precision 
of the micrometer readings is of the order ±0.15mm. The precision of the extensometer 
system may be therefore estimated at ±0.65 mm, but Figure 5-13(a) suggests that it could 
be as poor as ±1 mm. The precision of the extensometer readings proved to be 
satisfactory and in practice the reliability of the installation proved to be the dominant 
consideration.
5.2.4 Chain deflectometer
A  deflectometer is a purpose-built instrument, originally developed for surveying sub­
horizontal boreholes (Interfels (1996)), in much the same way as an inclinometer can be 
used to survey vertical boreholes. A basic deflectometer device, shown in Figure 5-14, 
consists of two segments connected by an active measuring element, which incorporates 
an universal joint. The sensing element is equipped with two rotary potentiometers 
orientated at a 90° angle relative to one another, thereby measuring the position of the
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second segment relative to the first segment in two perpendicular directions. When 
surveying a borehole, the instrument is moved through the borehole while taking readings 
at constant intervals of for example 1.0 m.
Similar to an inclinometer, the deflectometer can be used to measure displacements by 
surveying a borehole at regular intervals over a period of time. Alternatively, the 
deflectometer can be fixed in place and the movement of the second segment relative to 
the first segment recorded over time. When using the deflectometer as a stationary 
instrument, more sensing elements can be added to the basic unit in order to form a 
continuous deflectometer chain. Using the deflectometer as either a mobile or stationary 
device has advantages and disadvantages, but during this research it was decided to use 
stationary chains of deflectometers because of the significantly better precision that might 
be achieved in this way.
i) General layout
The instrumentation layout used for monitoring ground displacement during the 
construction of the concourse tunnel is shown in Figure 5-3. Figure 5-15 shows a typical 
section through the two deflectometer instrumentation sections. At each of the two 
sections, three deflectometer chains were used to measure horizontal and vertical ground 
displacement ahead of the advancing concourse tunnel. Each chain comprised nine 
segments (8 sensors); seven 1.6 m long segments and two 1.3 m long end-segments, 
giving a total length of 13.8 m. All three the deflectometer chains were installed at the, 
first instrumentation section and were removed just before the concourse tunnel reached 
the instrumentation. After removing the deflectometers they were installed at the second 
instrumentation section 14.4 m away.
The vertical position (height) of the three deflectometers at an instrumentation section 
was largely determined by the geometry of the stub. Ideally the deflectometers would 
have been placed to cover almost the full height of the concourse tunnel face, with a 
deflectometer chain across the top heading, bench and invert respectively. The height of 
the concourse tunnel was however 7.67 m and the inside diameter of the stub only 
5.08 m. Furthermore, the drill rig had access problems in the top of the stub and as a
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result the top deflectometer had to be placed significantly lower than intended. The 
arrangement shown in Figure 5-15 was the best that could be achieved.
ii) Installation o f casing
The deflectometer chains were installed in 4 mm thick, 100 mm diameter PVC casing. 
The boreholes were drilled and the casing installed in early July 1996, prior to 
commencing the construction of the permanent lining in the upline platform tunnel.
The drilling of the boreholes was a major concern. For the holes to exit in the stub on the 
opposite platform tunnel they had to be drilled relatively straight, preferably to within an 
accuracy of 0.5 m over the length of the borehole. Experience with the drilling of the 
boreholes for the installation of the face dowels during the platform tunnel construction, 
however, showed that, using the auger drill rig available on site, the end of a 20 m long 
borehole could deviate by as much as 1.5 m from the start position. The accuracy could 
be greatly improved by casing the borehole during drilling. The drill rig on site was 
however not suitable for this and furthermore it would have slowed down the installation 
of the boreholes to such an extent that the construction programme would be disrupted. 
The 150 mm diameter holes were therefore drilled with the auger drill rig on site. The 
borehole ends deviated by between 0.2 m and 0.7 m in the horizontal direction and 
between 0.1 m and 0.5 m in the vertical direction. Fortunately the deviation was in a 
direction which meant that all six boreholes exited in the stubs on the opposite platform 
tunnel.
After drilling the holes, they were cleaned of drilling debris by pushing a compressed-air 
hose through the hole. The PVC casing was then inserted in the hole, adding 4 m long 
casing sections as required and thoroughly sealing all the couplings. The casing was cut 
to the required length, leaving approximately 200 mm of casing protruding on both sides. 
Before grouting the casing in place, both sides of the borehole were plugged using timber 
formwork. The formwork had a hole for the casing and one side also had a hole for the 
grouting pipe and a small vent hole. After plugging the borehole on both sides the grout 
pipe was inserted. The void around the casing was then grouted by slowly withdrawing 
the grout pipe. The intention was to use a 1:1 bentonite-cement grout mix. Unfortunately
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when the grouting commenced the contractor discovered that there was no bentonite on 
site and grouting had to proceed using a cement grout. Grouting was continued until 
grout flowed from the small vent hole. To ensure that no voids were formed the volume 
of grout applied was monitored. After grouting, the ends of the casing were plugged 
using rags and left for the deflectometers to be installed at a later stage.
Inspection of the casing installation when it was excavated during the tunnel construction 
showed that the installation was sound and there was no voids around the casing. The 
grout was however very competent and probably stiffer than the London clay. 
Figure 5-16 shows a photo of the casing installations as exposed during the excavation of 
one of the cross passages.
in) Calibration and installation
The deflectometers were manufactured and calibrated by Interfels GmbH. The calibration 
certificates for the deflectometer sensors included the raw data and the calibration 
coefficients for all the sensors were re-calculated. Figure 5-17 shows typical calibration 
data for two potentiometers comprising a deflectometer sensor. From the figure it is 
evident that the potentiometer behaviour can be described as linear. The maximum 
percentage error of full scale reading does not vary by more than 0.5% over the working 
range (±2° rotation) of the sensors.
The lead time for the delivery of the deflectometers was 8 weeks and the instruments, 
were received two days before they had to be installed. A Campbell Scientific data logger 
was used for the logging of the deflectometer readings. During the two days prior to 
installation there was only sufficient time to investigate the deflectometer operation and 
programme the data logger.
The following procedure was followed during the installation of the deflectometers. 
Before installing the deflectometers, the casing was cleaned by pushing a compressed-air 
hose through the casing. The deflectometer was inserted into the casing, segment by 
segment. Each new segment was securely fixed to the already installed portion of the 
deflectometer chain. Figure 5-18 shows a photo of a stub during deflectometer
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installation. After inserting each segment, the two potentiometers were comiected to the 
data logger and were checked for correct functioning. All three of the deflectometer 
chains were inserted in this manner. With the deflectometer chains in place, each was 
finally positioned as follows. The chain was pushed forward and then pulled back to 
ensure that it was stretched rather than buckled. It was then rotated using the levelling 
tool supplied by the manufacturer to ensure that the potentiometers were positioned in the 
horizontal and vertical planes. The one end-piece of the deflectometer chain included a 
spring-loaded top support which secured the deflectometer chain in position.
After the deflectometer chains had been positioned, optical targets (the same as those 
used for the in-tunnel surveying) were fitted onto both ends using a specially 
manufactured aluminium extension. The targets were surveyed within hours of the 
deflectometers being installed and were left in place for future surveying. The survey 
readings were used to calculate the position of the deflectometer chain ends. The base 
readings for the deflectometer sensors were taken immediately after installation and 
surveying.
iv) Recording o f readings during construction
After installation and surveying of the ends, the deflectometers were left in-place and the 
readings logged at a programmed interval. The initial logging interval at the first 
deflectometer section was one hour and this was increased as the tunnel approached. The 
optical targets left attached to the deflectometer ends were surveyed at approximately 24, 
hour intervals. Data were downloaded from the data logger to a notebook computer on a 
daily basis.
The deflectometers were left in place until just prior to the relevant excavation stage, for 
example the top heading, reaching the instrumentation section. Because of the staggered 
excavation sequence, the deflectometers across the top heading, bench and invert, were 
removed at different times. To record as much data as possible, the deflectometers were 
left in-place for as long as possible. Unfortunately, this resulted in the top deflectometer 
at the first instrumentation section being damaged during excavation of the top heading. 
The top heading prior to that including the instrumentation was domed slightly more than
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usually and during excavation the deflectometer was clipped and pulled into the 
excavation. The operator of the excavator was aware of the instrumentation and realised 
that he had excavated it at an early stage. Three of the deflectometer sensors were 
however damaged and could not be used again. After this incident the deflectometers 
were removed at a conservatively early stage.
After removing the deflectometers at the first deflectometer section, the two undamaged 
deflectometers were installed in the top two casings at the second deflectometer section. 
Five of the damaged deflectometer chain sensors could still be used and three spare 
deflectometer sensors were available. Sections of the connecting tubing were quickly 
manufactured and the deflectometer was installed with the top heading approximately 4 m 
away from the deflectometer section. The reliability of the results obtained with this 
deflectometer was however questionable. To obtain some check on its performance, after 
removing it, one of the two undamaged deflectometers were installed in the casing and a 
number of readings taken. These data were compared with the damaged deflectometer 
data and showed that one of the sensors was probably not functioning properly. 
Furthermore, when the deflectometer readings were processed and compared with the 
other results, they showed that the deflectometer was installed too late and probably did 
not measure all the displacement resulting from the tunnel construction.
v) Processing o f results
The deflectometer data might have been processed using either the co-ordinates of the 
two ends of the chain or the co-ordinate and inclination of one end. During installation 
optical targets with different extension lengths were fitted to the deflectometer ends in an 
attempt to measure the inclination of the first segment. This was however unsuccessful. 
The inclination of the first segment was therefore unknown and the data were processed 
using the co-ordinates of the ends of the deflectometer chains. This implied that the 
displacement of the deflectometer ends had to be known during monitoring. Although 
the ends were surveyed, the precision of the in-tunnel surveying (see Section 5.2.2) was 
only of the order ±1.0 mm at best and the surveying data could not be used to 
conclusively determine the displacement of the deflectometer ends. The data however 
randomly scattered between ±2.0 mm, not indicating any trends, which suggested that the
5-18
ends” did not move. The surveyed displacement data for the ends of the three 
deflectometer chains at the first deflectometer section in the upline tunnel are shown in 
Figure 5-19. The ends of the casing were fixed in the 200 mm thick temporary shotcrete 
headwall of the stubs and were not expected to move without cracks appearing in the 
shotcrete. No cracks were observed during the passing of the concourse tunnel and, based 
on this and the survey results, the assumption was made that the ends of the deflectometer 
did not move. The integrity of the temporary headwalls was also illustrated when they 
were removed during the construction of the cross passages. The headwalls were only 
broken with a significant effort from the track-mounted excavator.
With the position of the ends of the deflectometer chain assumed, and the horizontal and 
vertical rotation at each sensor known, the horizontal and vertical profiles of the 
deflectometer chain were calculated for each set of readings. This was done using Visual 
Basic software produced by the writer and processing the data in Microsoft Excel. The 
following procedure was followed during the calculation. With the position of the two 
ends of the chain known, the inclination of the first segment was estimated. Starting at 
the one end and using the estimated inclination and rotations measured at each sensor, the 
position of the other end was calculated. Using an iterative procedure the inclination of 
the first segment was varied until the position of the other end was obtained to within a 
specified tolerance (typically < 0.01 mm). With the horizontal and vertical profiles 
known the displacement at each sensor could be calculated.
Figure 5-20 shows the deflectometer layout and the horizontal deflectometer profile' 
obtained at different times as the concourse tunnel was approaching. Figure 5-21 shows 
the horizontal and vertical displacement recorded at one of the central sensors in the top 
deflectometer chain at deflectometer section 2. Also shown in the figure is the 
temperature recorded during monitoring.
vi) Performance
In this section the performance of the deflectometers during the monitoring, as well as 
during experiments carried out in the laboratory after the construction at Terminal 4 was 
completed, is discussed.
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The resolution of the data logger with which the potentiometer outputs were logged was 
1 mV, which equates to approximately 0.065 mm displacement for a 1.6 m long 
deflectometer segment. The accuracy of the potentiometers under laboratory conditions is 
evident from the calibration data supplied by Interfels. Using a linear calibration 
relationship the maximum error expressed as a percentage of the full-scale range is of the 
order 0.5% in the working range. For a 1.6 m long deflectometer segment this equates to 
approximately 1.0 mm. The precision and stability of the potentiometers are illustrated in 
Figure 5-22. The figure shows the variation in the output of the two potentiometer in a 
sensor logged at 5 minute intervals over a period of approximately one month. The 
sensor was lying on the laboratory floor. Also shown in the figure is the temperature 
logged with the thermocouple in the data logger over the same time period. The output of 
the horizontal sensor varied by ±1.0 mV over the period, while the output of the vertical 
sensor generally varied by ±2.0 mV. It can therefore be concluded that over the time 
period the potentiometers were stable with a precision of the same order of magnitude as 
the resolution of the system. It is also evident that the potentiometers were not influenced 
by moderate temperature variations similar to that experienced during the monitoring at 
Terminal 4.
The performance of the deflectometer chain as a unit is difficult to evaluate. The 
resolution of the deflectometer chain can be estimated by calculating the displacement 
resulting from a 1 mV change in output from one of the deflectometer sensors. This 
equates to a resolution of between 0.15 mm and 0.2 mm, depending on which sensor’s' 
output is changed. The accuracy quoted by Interfels (1996) for surveying a 50 m long 
borehole using a mobile deflectometer is ±12.5 mm. The accuracy of the chain 
deflectometers, as used at Terminal 4, was however expected to be better than this. To 
evaluate the accuracy of the deflectometer chain and its behaviour in general, an 
experiment was conducted after the monitoring at Terminal 4. The experiment comprised 
comparing the position of the deflectometer sensors, firstly, calculated from the sensor 
output and, secondly, by surveying it using an arrangement of theodolites. The 
experiment cannot be described as a calibration exercise since the accuracy of both 
methods is unknown.
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The experiment was carried out as follows. Drawing pins were glued to the top of each of 
the deflectometer sensors and the two end pieces, before the deflectometer chain was 
positioned on the laboratory floor. Four theodolites with a resolution of 20", or 0.1 mm 
per meter distance were set-up as shown in Figure 5-23. The deflectometer sensors were 
logged continuously while going through the following steps;
• taking a set of theodolite readings,
• stage 1 - moving one of the deflectometer sensors and taking a set of theodolite 
readings, and
• stage 2 - moving all the deflectometer sensors to imitate the movement observed 
during tunnel construction and taking a set of theodolite readings.
The results of the experiment are summarised in Figure 5-24 and Figure 5-25. 
Figure 5-24 shows the horizontal and vertical profiles of the chain deflectometer obtained 
from the deflectometer data and the survey results respectively. From the figure it is 
evident that there is a maximum difference in both the horizontal and vertical profiles of 
approximately 25 mm. This is a significant difference and, even taking into account the 
uncertainty regarding the accuracy of the surveying, apparently suggests that the accuracy 
of the deflectometer to measure absolute position is not particularly good.
Figure 5-25 shows the horizontal displacements, calculated using the deflectometer 
measurements and the survey results respectively, when, firstly, moving a single 
deflectometer sensor and, secondly, all the deflectometer sensors simultaneously. The 
maximum displacement obtained at the centre of the chain with the two systems differed 
by 0.7 mm. This is very good and illustrates that the accuracy with which displacements 
were measured was better than 1 mm.
Although the experiment therefore did not confirm the ability of the deflectometer to 
measure the absolute position of the sensors to within an accuracy of 25 mm, the accuracy 
of the displacement measurements were very satisfactory. Taking into account the 
precision of the survey results, the experiment confirms the proper functioning of the 
deflectometer chain and the method used to process the results. It should also be noted 
that during the monitoring at Terminal 4 it was the accuracy of the displacement 
measurements that was of interest.
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5.2.5~ Inclinometer
During the construction of the concourse tunnel, a standard inclinometer was used to 
measure the ground displacements ahead of the advancing tunnel in four vertically 
installed inclinometer casings. The purpose of the inclinometer monitoring was to 
supplement the chain deflectometer data, providing a vertical displacement profile, as 
well as to verify the results obtained with the chain deflectometers.
i) General layout and installation
The layout of the four inclinometers is shown in Figure 5-3. Three of the inclinometers 
were placed 1 m away from the concourse tunnel centreline because of fencing around a 
grout shaft. The inclinometers were installed to a depth of 22 m, approximately 1.0 m 
below the tunnel invert level. Although it would have been desirable to install the 
inclinometers to a greater depth, this was not possible due to budget constraints. Not 
being able to use the bottom of the inclinometers as a stable datum, the position of the 
inclinometers heads were surveyed during monitoring.
The inclinometer casings were installed by a specialist instrumentation contractor 
approximately two months prior to commencing construction. A light cable percussion 
drill rig was used to drill 150 mm holes in which the PVC inclinometer casing was 
installed. After drilling the holes to the required depth, the inclinometer casing was 
lowered down the borehole and filled with clean water. With the entire length of casing 
lowered down the borehole, the casing was orientated with the grooves in the direction of 
tunnelling and perpendicular to the direction of tunnelling. The casing used was 
manufactured in such a way that the grooves in the casing did not spiral. The casing was 
grouted in position using a 1:1 bentonite-cement grout mix. The holes were filled with 
grout to just below ground surface. When the grout had settled, the level dropped to 
between 1 m and 2 m below surface. The holes were then filled with a high slump 
concrete.
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ii) ~ Recording o f readings during construction
Inclinometer readings were taken using a 0.5 m long INS 4.2 biaxial torpedo and a Model 
INS 5.2 data logger from Geotechnical Instruments. The inclinometer uses two force- 
balanced servo-accelerometers as transducers. The instrument was calibrated by 
Geotechnical Instruments both before and after the approximately 1 month monitoring 
period.
Base readings were taken when the construction of the concourse tunnel commenced. As 
the concourse tunnel approached the instrumentation, the frequency with which readings 
were taken was increased. When the tunnel was within 10 m of the inclinometer, 
readings were attempted at least once every 12 hours. All readings were taken by the 
writer, and with construction continuing 24 hours a day, this frequency proved to be 
difficult to achieve. Readings were taken until the inclinometer casing was destroyed by 
the concourse tunnel top heading.
As recommended all the inclinometer readings were taken twice, rotating the inclinometer 
probe through 180°. To improve precision the same procedure for taking readings were 
used throughout the monitoring and this was the main reason for not using another 
operator. Taking a set of readings at a specific inclinometer took approximately 
30 minutes and taking a full set of readings (all 4 inclinometers) therefore took 
approximately 2 hours.
Hi) Processing o f results
The inclinometer results were processed using the software supplied by Geotechnical 
Instruments, but also by exporting the data and processing it in Microsoft Excel. To 
process the results, either the displacement of the top or the bottom of the inclinometer 
had to be known. Since the inclinometers were not installed deep enough, the bottoms of 
the inclinometers were not fixed and the assumption that the position of the top was 
known had to be made. The positions of the inclinometer tubing heads were monitored 
by surveying them with a total station. Unfortunately the surveying was infrequent during 
the intense one month monitoring period, and, furthermore, the precision of the surveying
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proved to be insufficient for determining the displacement of the top of the tubing. In 
spite of insufficient evidence to confirm the assumption, to process the inclinometer 
results it was assumed that the top of the casing did not move.
The empirical longitudinal displacement at surface can be calculated using Equation (2-6) 
(Attewell and Woodman (1982)). Assuming a maximum settlement of 18 mm and the 
concourse tunnel details, the calculated longitudinal displacement is approximately 3 mm. 
This is relatively small and is also confirmed by the finite element analysis discussed in 
Chapter 6. It therefore appears that the magnitude of the error resulting from this 
assumption could be of the order of 3 mm. This is of the same magnitude as the accuracy 
of the inclinometer system and is considered to be acceptable.
Figure 5-26 shows a typical set of inclinometer readings obtained at inclinometer 1. The 
figure also shows that, at this inclinometer, a maximum displacement of 17.5 mm was 
recorded, approximately at the level of the centre of the top heading face.
iv) Performance
The manufacturer of the inclinometer does not supply an accuracy or precision for the 
instrument. A ‘sensitivity’ of approximately ±0.1 mm per gauge length (equal to 500 mm) 
is quoted. The manufacturer verbally confirmed that the precision of the instrument 
should be of the same order of magnitude and that a precision of ±0.2 mm over a 500 mm 
gauge length is well within the capabilities of a typical force balance inclinometer.
Since the profile measured with an inclinometer is calculated cumulatively as the probe is 
incrementally withdrawn or inserted, the accuracy of measurement deteriorates with 
distance from the assumed fix position, whether that is the top or bottom of the casing. 
The accuracy and precision of an inclinometer measurement is therefore difficult to 
estimate. The accuracy of inclinometer systems has been investigated by researchers in 
the past. Murray and Irwin (1970) found an accuracy of better than 7 mm over a distance 
of 6 m using an inclinometer with a bonded resistance strain gauge transducer. 
Green (1973) investigated the accuracy of two different inclinometers, one with a 
magnetically damped pendulum-actuated rotary potentiometer transducer and one with a
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bonded resistance strain gauge transducer. He found the accuracy of them to be similar 
and to vary between 2.5 mm and 12.5 mm over a length of 25 m, the accuracy depending 
on the profile being measured. For the monitoring at Terminal 4, the absolute accuracy of 
the measurements was not important, since it was change in inclinometer casing position 
(displacement) that was of interest. The precision of the inclinometer system was 
therefore of greater importance. Dunnicliff (1988) quotes the precision, including 
repeatability of surveys, of inclinometers incorporating a force-balanced accelerometer 
transducer to range between ±1 and 13 mm over a 30 m length. This is a fairly large 
range and takes into account different inclinometer systems and their operation.
The precision of the inclinometer readings at Heathrow is illustrated in Figure 5-27. The 
figure shows three sets of readings taken within a two hour period, while there was no 
construction activity. The figure shows that the calculated displacements over the entire 
length of the inclinometer did not differ by more than 1.0 mm. The fact that there was no 
construction activity when the readings were taken does not rule out ground movement 
during the period. But even taking this into account, the precision obtained was 
remarkably good. Also shown in the figure are all the displacement profiles measured in 
the transverse direction during the monitoring at Inclinometer 1. Since the inclinometer 
was close to the tunnel centreline it was expected that there would be no displacement in 
this direction and that the readings should therefore reflect the precision of the 
inclinometer system. The displacements measured varied between -1 mm and +2.5 mm 
over the 22 m length and again confirm the satisfactory behaviour of the inclinometer 
during the monitoring.
5.3 Discussion of monitoring results
In the previous section the instrumentation used for monitoring displacements during 
construction, the procedures adopted, and the performance of the instrumentation were 
discussed. In this section the monitoring results are discussed by presenting typically 
observed patterns of ground displacements around the tunnels and at surface, as well as 
the displacement of the shotcrete tunnel lining. The observed displacements are 
discussed based on the following:
• when displacement was first detected by the instrumentation.
5-25
• the fraction of displacement taking place prior to the tunnel reaching the 
instrumentation,
• the fraction of displacement taking place prior to the invert being closed,
• the magnitude of total displacement, and
• in general typical displacement patterns and trends.
In addition, where evident, the differences in tunnel behaviour during the construction of 
the downline, upline and concourse tunnels are discussed.
Before discussing the displacement patterns it is important to note that the displacements 
at different monitoring points were influenced by a number of factors. In addition to the 
factors commonly influencing displacements, including for example
• variations in soil profile and soil properties,
• variations in construction details adopted by the different construction teams, and
• varying rates of tunnel advance,
several other factors influenced the observed displacements at Terminal 4. These 
included the following:
• Face dowels were used along sections of the platform tunnels, namely the first 
approximately 50 m of the downline platform tunnel, and where the upline platform 
tunnel passed underneath the LUL-ticket hall and the foul pumping chamber.
• Compensation grouting was conducted to control the settlement of structures.
• The majority of the tunnels were constructed under or in the vicinity of existing 
structures.
• The construction of the tunnels in close proximity most probably infiuenced the 
observed behaviour.
The influence of some of these factors may not be significant (for example face doweling 
(Powell (1998)). It was, however, not possible to quantify the influence of these factors 
and it was therefore not attempted to do so. The factors influencing the displacement 
patterns are therefore not taken into account in the following discussion.
In order to process and interpret the monitoring results, it was necessary to make some 
assumptions and it is important to note that these will influence the results to some extent. 
Interpretation of the results required that the readings be correlated with the construction
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activity, or more specifically the position of the tunnel relative to the instrumentation at 
the time of the reading. This was done using the contractor’s construction record. The 
construction record was, however, generally accurate to one hour although it may 
sometimes have been as poor as two to three hours. Inaccuracies with regard to 
referencing the position of the tunnels relative to the instrumentation are therefore 
introduced. This is important, specifically when comparing results. Furthermore, 
because the face of the tunnels was not flat but domed, the actual position of the tunnel in 
a vertical plane varied across the face. As discussed in Chapter 3, the different 
construction teams employed different construction details, which included the doming of 
the face. The amount of face doming determined the position of the tunnel relative to the 
instrumentation and therefore influenced the interpretation of the results. The face was 
typically domed between 300 mm and 700 mm. It was not possible to take this variation 
into account during the interpretation of the results. The position of the tunnel was 
therefore calculated by adding 400 mm to the chainage of the rib and without allowing for 
any doming. The 400 mm allows for the over-excavation in order to install the rib and 
allows enough lap length for the mesh reinforcing. Doming of the face beyond the 
400 mm was not taken into account when determining the position of the tunnel. The 
calculated position of the tunnel therefore typically represents the position of the 
perimeter of the face.
5.3.1 Surface settlement
Surface settlement was monitored at all the control points shown in Figure 5-1 according 
to the frequencies given in Table 5-1. The compensation grouting complicated 
interpretation of the surface settlement data. As discussed in Chapter 3, the compensation 
grouting included pre-conditioning. A grouting exclusion zone was however enforced 
around the tunnel heading, comprising an area 5 m above the tunnel crown and one tunnel 
diameter ahead of the face. It was however an informal policy (and generally not 
necessary) to conduct any grouting 30 to 40 m ahead of the face and when the tunnel had 
passed the section by 20 to 30 m. Furthermore, correlation of the grouting records and 
the construction record, meant that it was possible to identify control points where 
grouting did influence the interpretation of the monitoring results. These control points
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were“disregarded and for the remainder of the points it was possible to determine the 
settlement resulting from the tunnel passing the control points.
The surface settlement results for all the control points, except those beyond chainage 200 
(the data for these were not available) are included in Appendix A. All the control points 
were located on the centrelines of the downline, upline and concourse tunnels respectively 
and the results are shown as settlement versus the distance that the relevant tunnel top 
heading is away from the control point. Base readings for the construction of the 
platform tunnels were taken just prior to the restart of construction, while base readings 
for the construction of the concourse tunnel were taken just prior to starting the concourse 
tunnel construction.
i) Settlement on tunnel centreline
From the surface settlement results presented in Appendix A, the following has been 
determined:
• The time, position relative to the control point, and magnitude of displacement (not 
necessary zero due to compensation grouting) when movement due to tunnelling was 
first detected. Where compensation grouting had been carried out judgement was 
necessarily to decide if the compensation grouting influenced the data, as well as to 
select the starting point.
• The magnitude of settlement when the top heading and later the invert reached the 
control point. Because precise levelling readings were taken approximately every 24 
hours, the likelihood of having a reading at the time of the tunnel passing the control 
point was small. This information was therefore obtained by interpolating between 
the last reading with* the tunnel in front of the control point and the first reading when 
the tunnel had passed the control point.
• The time, position relative to the control point, and magnitude of displacement when 
movement due to tunnelling stabilised. This point was generally difficult to 
determine since most of the control points showed some continued settlement after 
the period of rapid settlement caused by the passing tunnel. The point was usually 
taken as the first reading which showed no movement or an upward displacement.
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The information detailed above was used to calculate the following:
• period of time which the tunnel influenced the control point
• distance of tunnelling which influenced the control point
• the total settlement, settlement when the top heading (TH) reached the control point, 
and settlement when the invert was closed.
The results are summarised in Table 5-2 to Table 5-4 and the total settlement recorded at 
each control point is shown in Figure 5-28.
Figure 5-28 shows that the settlement along the length of the tunnels differed 
significantly. For the downline platform tunnel, for example, the settlement varied from 
10.6 mm to 19.5 mm. These variations are due to all the factors discussed in Section 5.3, 
as well as the inaccuracies introduced by the monitoring system and the assumptions 
made during the processing of the results. This variation in settlement along a tunnel 
centreline makes it difficult to determine if there was a difference in settlement during the 
construction of the downline, upline and concourse tunnels. Indications are that the 
settlements recorded during the construction of the upline tunnel, which followed the 
construction of the downline tunnel, were similar to or slightly more than that recorded 
during the construction of the downline tunnel. The settlements recorded during the 
construction of the concourse tunnel, the last of the three tunnels to be constructed, 
appear to be higher than that recorded during the construction of the platform tunnels, but 
unfortunately data from similar sections of the platform tunnels are not available for 
direct comparison. It is therefore not possible to draw indisputable conclusions regarding 
the magnitude of settlement for the three different tunnels. A good indication of the ’ 
magnitude of the surface settlement is probably the average recorded during the 
construction of the tunnels, which was 14 mm for the platform tunnels and 18 mm for the 
concourse tunnel. These settlements are significantly less than the settlements obtained 
during the construction of the Heathrow Express trial tunnel which was at approximately 
the same depth and of similar dimensions. Deane and Bassett (1995) report final 
maximum surface settlements of between 25 mm and 40 mm depending on the type of 
construction.
The surface settlement results indicate that, although the magnitude of the settlements 
was different, the displacement patterns observed during the construction of the three
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différent tunnels were fairly consistent. A typical surface settlement record, obtained at 
control point D8, is shown in Figure 5-29. Two graphs are shown in the figure. In 
Figure 5-29(a) the surface settlement is shown relative to the position of the tunnel top 
heading and in Figure 5-29(b) the surface settlement is shown over time. The settlement 
in (b) covers a longer time span, since it includes the settlement data recorded after the 
tunnel had been completed. From Figure 5-29 and the results summarised in Table 5-2 to 
Table 5-4, the typical displacement patterns on the tunnel centreline can be described as 
follows. Vertical displacement was first recorded when the tunnel top heading was 
approximately 15 m away from the control point. When the top heading reached the 
control point, approximately 50% of the total settlement had taken place. When the 
invert passed the control point, approximately 75% of the settlement had occurred. 
Settlement stabilised once the top heading was approximately 13 m past the control point. 
Settlement did not, however, completely stop at that stage, but continued for the entire 
monitoring period. The control point was, on average, infiuenced by the tunnel passing 
over a distance of 28 m. The time it took to advance the tunnel this length was on 
average 21.5 days for the platform tunnels and only 15 days for the concourse tunnel.
Figure 5-29(b) shows that the rate of continued settlement (that is the settlement after the 
initial effect of the passing tunnel) reduced when the tunnel was completed. Once the 
tunnel had been completed, there still seemed to be a trend of continuing settlement, but it 
was significantly less than during tunnel construction, i.e. 4 mm versus less than 2 mm 
over approximately the same time period. The reason for this continued settlement is not 
completely clear. It was not observed at all the control points and, because of the small' 
magnitude of displacements, is distorted by the compensation grouting. It is, however, 
present at most of both the downline and upline tunnel control points, which suggests that 
it is probably not a result of the construction of the adjacent tunnel. If this was the case,
one would have expected the effect to be absent from the upline tunnel results. Reasons
for this continuing settlement may include:
• the effect of advancing the tunnel itself,
• other construction activities, and/or
• creep and consolidation settlement.
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ii) ~ Settlement at cross sections
The vertical displacement of the extensometer heads was monitored as part of the precise 
levelling programme. At the main monitoring sections, surface settlement data are 
therefore available at more points than just the tunnel centrelines and it is possible to plot 
transverse surface settlement profiles. Again it should however be noted that the surface 
settlement profiles were distorted by the compensation grouting.
Three sets of surface settlement profiles, obtained as the three respective tunnels were 
approaching the instrumentation sections, are shown in Figure 5-30. The first set of 
profiles. Figure 5-30(a), was obtained when the downline tunnel passed MMS VIII. This 
section is selected because, before construction was suspended, the upline platform had 
already been completed at this section, and also because very little compensation grouting 
was done in this area. The second set of profiles. Figure 5-30(b), was recorded when the 
upline platform tunnel passed MMS II. The same set of base readings was used for the 
passing of the upline and downline tunnels. To illustrate this the first data set shows the 
settlement profile with the downline tunnel (DL) 37 m from the instrumentation section. 
The third set of profiles. Figure 5-30(c), was recorded during the construction of the 
concourse tunnel at MMS I. For this set of results, base readings were taken just prior to 
commencing with the construction of the concourse tunnel.
The three graphs show the development of the surface settlement troughs at the three 
monitoring sections and these broadly confirm the displacement patterns discussed for the, 
control points on the tunnel centrelines.
Hi) Longitudinal settlement profile
The longitudinal surface settlement profiles were distorted to such an extent by the 
compensation grouting that interpretation was difficult. Furthermore, monitoring was 
concentrated at the tunnel heading and therefore readings covering the longitudinal 
sections were taken infrequently. The most meaningful set of longitudinal surface 
settlement profiles was obtained during the construction of the first section of the
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downline tunnel where a limited amount of compensation grouting was done. The set of 
longitudinal settlement profiles is shown in Figure 5-31.
The profiles provide a good example of the development of surface settlements along the 
longitudinal axis. From the figure it is evident that there was a small amount of heave 
ahead of the tunnel and that the latter profiles were influenced by compensation grouting.
5.3.2 Tunnel lining deformation
In this section the deformation of the shotcrete tunnel lining, obtained from the three 
dimensional displacement monitoring results, is discussed. As discussed in Section 5.2.2 
the performance of the monitoring system was generally unsatisfactory. Under ideal 
conditions the precision was of the order ±1.0 mm, but under working conditions, it was 
estimated sometimes to be as poor as ±3.0 mm. Where the magnitude of the lining 
displacement was of the same magnitude as the precision of the monitoring system, it was 
therefore difficult to interpret the results. Furthermore, the survival rate of the 
convergence bolts and targets was low as many of them were damaged during 
construction. The results of the tunnel lining displacement monitoring are summarised in 
Table 5-5, Table 5-6 and Table 5-7, while all the downline tunnel lining displacement 
results are attached in Appendix A.
The results shovm in the tables are the displacements of each target in the vertical (vert), 
horizontal (horz) and longitudinal (long) direction (see Figure 5-6 for convention) once 
the displacements had stabilised. Several factors influenced the displacement monitoring 
and interpretation thereof, including:
• the precision of the monitoring system,
• the time difference between completing the excavation stage and taking of the base 
readings, and
• assumptions made during the interpretation of the monitoring results.
The magnitude of the displacements of several of the monitoring points, for example the 
horizontal displacement of the crown target and the displacement in all three directions of 
the targets in the bench, were of the same magnitude as the precision of the monitoring
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system. This made interpretation of the results difficult and where applicable this is 
indicated in the tables. An asterisk (*) next to a value in the tables indicates that the 
value shown is the best estimate obtained from a scattered data set. An up or down 
arrow ( t  or i )  next to a zero, indicates that it was not possible to estimate a value, but 
that the data typically fluctuated above or below zero.
As can be expected, the base readings used for the calculation of the displacements had a 
pronounced influence on its eventual magnitude. Base readings were taken by the 
surveyors as soon as possible after the completion of the lining section. When taking the 
reading, the surveyors recorded the time to the nearest hour. To obtain an idea of the time 
difference between the completion of the lining section and the taking of the base reading, 
the contractor’s tunnel construction record and the time recorded by the surveyors, were 
compared. The time difference was generally between -3 and 5 hours. A negative 
difference indicates that the reading was taken before the lining segment was completed, 
which was never done and reflects the accuracy of the contractor’s construction record. 
Given the precision of the monitoring system, no correlation between the time when the 
base reading was taken and the ultimate displacement was evident. What was obvious, 
however, from the comparison were situations where the base reading was taken much 
later than the completion of the lining section. This was normally due to the fact that the 
surveyors were not available to take a reading earlier, or, in some cases a reading was 
taken, but proved to be inaccurate and was not used. Where base readings were taken 
more than 12 hours after completing the lining section, the result was disregarded.
. .  "
The following procedure was adopted for the interpretation of the results. Results were 
plotted in the format shown in Figure 5-32. The displacements were plotted against the 
top heading position, firstly for the construction of the entire tunnel length, and secondly 
plotting only the progress of the closest 100 m of tunnel. The two graphs for each target, 
in each of the three directions of displacement respectively, were then inspected. From 
the graphs the magnitude of the displacement when it had stabilised, as well as (where 
possible) the chainage of the top heading when the displacement stabilised, was 
estimated. In many cases a sudden jump in the data for all three directions of 
displacement showed a point at which the target had been disturbed. These results were 
disregarded. In other cases the disturbance of the target was not particularly obvious.
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with"the data for only one of the directions of displacements indicating disturbance. 
Nonetheless, where disturbance of the target in any direction was suspected, the result 
was disregarded. The interpretation of the results was therefore subjective and because of 
this and the poor precision of the monitoring system, the precision of the interpretation 
may be poor. To obtain an idea of the precision with which the results could be 
interpreted, the results were interpreted twice by the writer and once, independently, by 
another individual. Comparison of the different interpretations showed that the 
magnitude of the estimated displacement did not differ by more than ±0.5 mm, while the 
chainage at which displacement stabilised varied by up to 10 m. The precision with 
which the magnitude of the displacement could be determined is therefore reasonable, but 
the precision with which the chainage at which displacement stabilised could be 
estimated was poor.
An indication of the reliability of the monitoring system can be obtained from Table 5-5 
to Table 5-7. The cells in the tables which are dark shaded indicate targets for which the 
results could not be used, while light shaded cells indicate positions where no targets 
were installed or where no data were available. Where the results of none of the targets at 
an instrumentation section could be used, the section is not shown in the tables. From 
Table 5-5 the survival rate of the targets (that is for the instrumentation sections shown) 
can be calculated for the downline tunnel and can be summarised as follows:
• Of the 68 targets installed in the top heading, meaningful results were obtained at 45 
(approximately 66%).
• Of the 40 targets installed in the bench, meaningful results were obtained at 21 targets' 
(approximately 50%).
• Of the 16 targets installed in the invert, meaningful results were obtained at only 2 of 
the targets (approximately 12.5%).
• Of the 24 monitoring sections, at only one was it possible to use the results of all the 
targets. If the invert target is excluded, then the number of monitoring sections 
increase to 2. And finally, excluding the invert and any one other target, the number 
of sections increases to 7, which is still less than 30%.
These statistics confirm the unreliability of the tunnel lining displacement monitoring 
system. They also indicate that the survival rate for the top heading was better than for 
the bench and that monitoring of the invert target was unsuccessful.
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The results shown in the tables were used to identify typical displacement patterns of the 
shotcrete tunnel lining. The deformation of the lining in the top heading, bench and 
invert are now discussed respectively for all three tunnels. It should be noted that the 
deformation of the concourse tunnel lining is based on a limited amount of data and the 
reliability with which the magnitude of the average displacements was estimated is 
therefore probably poor.
i) Displacement o f lining in top heading
In general the lining in the downline, upline and concourse tunnel top heading sections 
deformed in a similar way. The typical displacement of the tunnel lining installed in the 
top heading is summarised in Table 5-8. Shown in the table are the average 
displacements for the targets in the downline, upline and concourse, with a typical range 
given in brackets.
The data suggest that the lining moved down in a fairly uniform way with the vertical 
displacement of all three targets in the top heading of the order of 9 mm. In all three 
tunnels the two targets on either side of the crown target appeared to move down slightly 
more than the crown target. As expected the horizontal displacements of the targets in 
the crown were very small. The horizontal displacements of the targets on either side of 
it were in opposite directions, indicating that the displacement was towards the tunnel 
centre. The magnitude of the horizontal displacement was of the order 4 to 5 mm. The. 
longitudinal displacement indicates that the top heading lining section rotated slightly 
forward (in the direction of tunnelling). The target in the crown moved forward by 
approximately 3 mm. The two targets on either side apparently did not displace in the 
longitudinal direction, although evidence from the upline tunnel suggests that the two 
targets moved slightly backwards. The displacement patterns observed for the top 
heading lining sections of the platform tunnels are discussed by Powell et al. (1997). 
They reached similar conclusions, but seemed to find larger horizontal displacements for 
the targets on either side of the centreline.
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The “exception to the typical displacement pattern described above, was the deformation 
of the first section of the downline platform tunnel lining, from chainage 25 (restart) to 
approximately chainage 70. Inspection of the displacements of the targets in this section 
of the downline tunnel shows that the lining deformed in a slightly different way than the 
rest of the tunnels. Although the vertical and longitudinal displacements were generally 
the same and of a similar magnitude, the horizontal displacement pattern was different. 
The crown target appeared to displace in the direction of the adjacent upline tunnel by 
approximately 2 m m .. The targets on either side of the crown initially seemed to displace 
in a similar way as discussed previously, namely towards the centre of the tunnel by 
approximately 4 to 5 mm. Then the displacement of the target on the upline tunnel side 
of the crown changed direction, i.e. it started to displace away from the tunnel centreline 
towards the adjacent upline tunnel. The displacement generally stabilised when almost 
all the previous displacement had been reversed. The behaviour described can be seen 
from the data shown in Figure 5-8(a). Although the data does not prove this conclusively, 
this behaviour was evident where the downline tunnel was constructed next to the 
previously constructed upline tunnel and the behaviour seemed to become less evident as 
the limit of the previously constructed downline tunnel was approached. This behaviour 
was not observed where the upline tunnel was constructed next to the recently completed 
downline tunnel.
As mentioned previously it was difficult to estimate the point at which displacements 
stabilised. In general, however, the results indicated that the displacement stabilised 
when the top heading was advanced between 1 and 2 tunnel diameters (approximately' 
10 m to 20 m) past the monitoring section. Estimating the percentage of displacement 
that occurred prior to the invert being closed was also difficult. Inspection of the data 
suggests, however, that between 60% and 80% of the displacement occurred before the 
invert was closed.
ii) Displacement o f lining in the bench
In general the lining in the downline, upline and concourse tunnel bench sections 
deformed in a similar way. Typical displacements observed during the monitoring of the 
bench are summarised in Table 5-9. Shown in the table are the average displacements for
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the targets in the downline, upline and concourse tunnels, with a typical range given in 
brackets.
In spite of the fact that the magnitude of the displacements of the bench targets was of the 
same order as the precision of the displacement monitoring system, typical deformation 
patterns could still be identified, but the magnitude of the displacements could not be 
determined with confidence. The vertical displacement of the bench sections in all three 
tunnels indicates that the lining in the bench moved down by between 2 and 3 mm. The 
horizontal displacements indicate that the two bench sections move inwards towards the 
tunnel centreline and the magnitude of the displacement was of the order 1 to 2 mm. The 
longitudinal displacements indicate that very little movement occurred in that direction.
It was not possible to determine conclusively from the displacement records when the 
displacements stabilised, but indications are that the displacement also stabilised once the 
top heading had been advanced 10 m to 20 m past the instrumentation section.
The different behaviour of the first section of the downline tunnel top heading (discussed 
in the previous section) was again evident. The horizontal displacement pattern again 
revealed the different behaviour of the tunnel lining on the side of the upline tunnel. 
After moving inwards by up to 3 mm, the direction of the displacement changed and the 
targets started displacing in the direction of the upline tunnel. The displacement 
stabilised once approximately all the displacement had been reversed.
Hi) Displacement o f lining in the invert
Due to the unreliability of the displacement monitoring system with regard to the 
monitoring of the target in the tunnel invert, it was not possible to identify a t}^pical 
displacement pattern for the lining section in the tunnel invert. The two results that 
seemed to be reasonable (see Table 5-5) indicate that the lining displaced slightly 
upwards, while the displacement in the horizontal and longitudinal directions were 
insignificant.
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5.3.S Ground deformation around the tunnel heading
The ground deformation around the tunnel heading was monitored at five sections of 
multiple-rod extensometers (of which data were available for four), two sections of chain 
deflectometers, and four inclinometers on the concourse tunnel centreline. The 
longitudinal and vertical ground displacements obtained with these monitoring systems 
are now discussed.
i) Longitudinal displacement
The horizontal displacement in the direction of tunnelling, referred to as the longitudinal 
displacement, was measured during the construction of the concourse tunnel at the two 
deflectometer sections and at the four inclinometer positions. Both the deflectometer and 
inclinometer results are given in Appendix A.
The chain deflectometers were installed at the two instrumentation sections with the 
concourse tunnel being 11m and 9.5 m away from the instrumentation respectively. The 
deflectometers were connected to a data logger and readings were taken at a programmed 
interval. Initially readings were taken hourly at section 1 and every 15 minutes at 
section 2. The logging interval was shortened as the tunnel approached and at section 1 it 
was finally 10 minutes, while a final interval of 1 minute was used at section 2. 
Inclinometer readings were taken manually and therefore less frequently. An attempt 
was made to take a set of readings every 24 hours and at least once every 12 hours once 
the tunnel started to influence the instrumentation.
Examples of the deflectometer and inclinometer results are shown in Figure 5-33 to 
Figure 5-36, and are summarised in Figure 5-37. These include the following graphs:
• In Figure 5-33 examples of the longitudinal displacement profiles recorded with the 
chain deflectometers at deflectometer section 1 are shown. The figure shows 
longitudinal displacement profiles for each of the three chain deflectometers with the 
concourse tunnel top heading at various distances away from the instrumentation. 
The displacement profiles were selected to present the profile before commencing the
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construction of a top heading section (indicated with a (S)) and the profile after 
completion of a top heading section (indicated with a (F)).
• In Figure 5-34 two of the inclinometer results, those closest to the deflectometer 
sections, are shown. The graphs show the longitudinal displacement profiles along a 
vertical line with the concourse tunnel at various distances away from the 
instrumentation.
• Figure 5-35 shows the longitudinal displacement measured at the deflectometer 
sensors closest to the centreline of the concourse tunnel in each of the three 
deflectometer chains at the first instrumentation section. The longitudinal 
displacement is plotted against the horizontal distance between the instrumentation 
and the concourse tunnel top heading.
• Figure 5-36 shows the longitudinal displacement recorded at the deflectometer sensor 
closest to the concourse tunnel centreline in the top deflectometer chain at 
deflectometer section 2. The longitudinal displacement is plotted, firstly, against the 
distance between the instrumentation and the concourse tunnel top heading and, 
secondly, against time. Also shown in the top graph are the displacements recorded at 
the point on Inclinometer 4 closest to the deflectometer sensor. In the second graph 
the excavation times for the concourse tunnel top headings are shown.
• Figure 5-37 summarises the deflectometer and inclinometer results. The figure shows 
longitudinal displacement recorded at the closest position to the concourse tunnel 
centreline at the level of the three deflectometer chains. The deflectometer data 
represent the displacement recorded immediately prior to commencing with the next 
top heading section excavation.
A number of factors influence the deflectometer and inclinometer results and the
interpretation thereof, including the following:
• The accuracy and precision of the instrumentation as discussed in Section 5.2.4 and 
Section 5.2.5 respectively.
• Different methods were used to install the casing for the deflectometers and the 
inclinometers. The inclinometer casing was grouted in place using a cement- 
bentonite grout, while the deflectometer casing was grouted in place using a cement 
grout. When exposed during the excavation of the tunnel, the properties of the two
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types of grout were observed to be different. Excavation of the inclinometer was 
accompanied by a rush of water from the casing and the grout appeared to be of a 
softer consistency than the London clay. The grout around the deflectometer casing 
was very competent and probably stiffer than the London clay. Ideally the stiffness 
of the casing, the grout and the London clay should be similar and it can therefore be 
expected that this could have had some influence on the results obtained.
The inclinometer results were processed based on the assumption that one end did 
not move, and in the case of the deflectometer that both ends did not move. This is 
an assumption and could therefore influence the calculated displacements. It is 
however believed that the assumption is probably more realistic for the deflectometer 
results, than for the inclinometer results (see Section 5.2.5).
Both the inclinometer and the deflectometer casings were not installed precisely as 
planned, that is exactly vertical for the inclinometers, and horizontal and 
perpendicular to the concourse tunnel axis, for the deflectometers. The 
deflectometers deviated in the longitudinal direction by between 0.2 m and 0.7 m 
from the one end to the other, while the inclinometers deviated by between 0.2 m and 
0.6 m in the longitudinal direction. This implies that the distance between the 
approaching tunnel and the instrumentation was different along the length of the 
instrumentation. This will have had an influence on the magnitude of the 
displacements measured.
The amount that the face of the top heading was domed varied and was not taken into 
account during the interpretation of the results. The calculated distance between the 
tunnel top heading and instrumentation is therefore only an approximation and may 
be inaccurate by as much as 0.7 m.
The reading frequency had some significance on the interpretation of the results. The 
deflectometer results obtained at the second deflectometer section, where the reading 
frequency towards the end of the monitoring was once a minute, illustrated that 
displacement was continuous and that the magnitude of the displacement 
measurement is therefore dependent on the time when the reading is taken (see 
Figure 5-36). This is important, specifically for the interpretation of the inclinometer 
results which were taken less frequently.
Readings were taken at a specific time and in order to interpret the results the 
readings had to be correlated with the construction activity, or more specifically the
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position of the concourse tunnel relative to the instrumentation at the time of the 
reading. This was done using the contractor’s construction record, which was 
however usually accurate to within one hour. Inaccuracies with regard to referencing 
the position of the concourse tunnel may therefore be introduced which are 
important, specifically when comparing results.
The longitudinal displacements measured and illustrated in Figure 5-33 to Figure 5-37
indicate the following,patterns:
• The displacement patterns measured with the inclinometers and deflectometers were 
generally consistent and the magnitude of the displacements measured was also 
comparable. There seemed to be a general trend of larger displacements recorded as 
the concourse tunnel was progressed. Thus the maximum displacements recorded at 
deflectometer section one and inclinometer 1 were smaller than the displacements 
recorded at deflectometer section two and inclinometer 4. The largest displacement 
was, however, recorded at inclinometer 3 which was further away from the stubs. 
There could be several reasons for this difference in the magnitude of the 
displacement measured and it is not clear if this is due to natural variation or an 
artefact of the measuring systems and the factors discussed earlier (see Section 5.3)
• The deflectometers and inclinometers did not record the initial displacement at the 
same time (see Figure 5-37). Displacement was first recorded by the inclinometers, 
at all three the deflectometer levels, when the concourse tunnel top heading was 
between 10 m and 12 m away. The top two deflectometers first recorded 
displacement when the concourse tunnel top heading was between 6 m and 7 m' 
away, while displacement was first recorded by the bottom deflectometer when the 
top heading was 4 m to 5 m away. This difference is probably due to inadequacies of 
both monitoring systems as well as differences in the boundary conditions.
• The displacement patterns observed from the deflectometers and inclinometers 
measurements indicate that the ground deforms in the shape of a dome with the 
maximum displacement approximately at the centre of the excavated area (top 
heading). Figure 5-38 shows the longitudinal displacements measured with the 
inclinometers, excluding inclinometer 3. Extrapolation of the displacement results 
shows that the maximum ground displacement at the tunnel face is of the order 25 to 
30 mm.
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• Tigure 5-36 shows the longitudinal displacement recorded at one of the central 
deflectometer sensors over time and also shows the excavation times for the 
concourse tunnel top heading sections. Taking into account the accuracy of the 
contractor’s construction record it is evident from the graph that the displacement is 
largely a result of the excavation of the top heading. The displacements seem to 
stabilise fairly rapidly after excavation.
From Figure 5-37 it is. evident that although the magnitude of the displacements measured 
with the deflectometers and inclinometers are comparable, there are differences. The 
differences are more obvious for the bottom deflectometer (see Figure 5-3 7(c)). These 
differences can be attributed to various factors. Firstly, the fact that with the 
inclinometers, the displacement was recorded simultaneously at different levels indicates 
that the stiffness of the casing was greater than the stiffness of the grout and the 
deformation of the casing did not truly replicate the deformation of the ground. The 
inclinometer measurements would therefore be influenced by ground deformation at 
almost any position along its length. In contrast the cement grout used for the 
deflectometer casings proved to be very competent and was most probably stiffer than the 
London clay. This might explain the significant difference between the displacements 
recorded with the bottom deflectometers and the inclinometers. Secondly, the magnitude 
of the rotation at the ends of the deflectometer chains (see Figure 5-33) indicates that the 
presence of the platform tunnels did have an influence on the ground displacements. 
Although this would be true for both the inclinometer and deflectometer measurements 
the distance to the platform tunnels differed at the deflectometer and inclinometer 
positions. The deflectometers were installed at the centre of the stubs, while the 
inclinometers were located at the edges of the stubs and inclinometer 3 (which recorded 
the largest displacements) was not opposite a stub. This seems to confirm that the 
displacement measurements were influenced by the platform tunnels and that the effect 
was more pronounced at the stubs.
ii) Vertical displacement
Typical vertical displacement patterns around the advancing tunnel headings were 
obtained from the multiple-rod extensometers, while vertical displacements ahead of the
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advancing concourse tunnel were recorded with the chain deflectometers. The 
extensometer and deflectometer results are included in Appendix A. Firstly, the 
displacement patterns obtained with the extensometers during the construction of the 
downline and concourse tunnels are discussed and, secondly, the results of the chain 
deflectometers are presented.
Multiple-rod extensometers, at the positions shown in Figure 5-1, typically comprised 
extensometers installed to depths of approximately 8 m, 12.5 m and 21.5 m. The deeper 
extensometer was absent at the installations on the tunnel centrelines. Several factors 
influenced the interpretation and comparison of the extensometer results. These include:
• The precision of the monitoring system, believed to be of the order ±1.0 mm (see
Section 5.2.3), influences the estimation of the magnitude of the displacement.
• The level of the extensometer heads (obtained as part of the precise levelling
programme) and the micrometer readings were often taken at different times. 
Determining the level of the extensometer heads at the time of the micrometer 
readings therefore required some interpolation and this introduced inaccuracy.
• The soundness of the extensometer installations was not beyond doubt. Consider for 
example the displacement obtained at MMS II, Extensometer 2 (see Appendix A). 
The displacement of the extensometer head and the extensometer at a depth of 8.0 m 
appears to be almost exactly the same. This is not expected and the trend was not 
observed at other similar extensometers. The only explanation seems to be that the 
installation was faulty. This is a fairly obvious case illustrating the deficiencies of 
the extensometer installations. There may however be other installations that did not’ 
behave satisfactorily but which were not identified.
• The exact position of the extensometers in the horizontal plane at a specific depth is
not known and is bound to be different for extensometers at the same instrumentation 
section, as well as those at different instrumentation sections. Furthermore, the 
extensometers were installed to a specified depth, which meant that if the ground 
surface level varied, the position of similar extensometers relative to the tunnel 
varied. This variation in the position of extensometers at the same instrumentation 
section, as well as at different sections, could be as much as ±0.5 m. It should 
therefore be recognised that when comparing results, the position of supposedly 
similar extensometers may differ by up to 1.0 m in any direction.
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In general the displacement patterns observed from the extensometer results are fairly 
consistent, except for the displacements of the extensometers at a depth of 21.5m 
(slightly below the tunnel inverts) which are discussed later in this section. As an 
example, the results obtained from the multiple-rod extensometers on the centreline of the 
downline and concourse tunnels respectively, are shown in Figure 5-39. It should be 
noted that the results for MMS I were recorded during the construction of the concourse 
tunnel, while the results for the other three monitoring sections were recorded during the 
construction of the downline tunnel. From the figure the following displacement patterns 
are evident:
• The effect of the tunnel construction is first recorded at the surface when the tunnel is 
approximately 15 m away. The magnitude of the displacement when it stabilised was 
between 14 mm and 18 mm, which is similar to that recorded during the surface 
settlement monitoring.
• At a depth of 8 m the influence of the tunnel construction was recorded when the
tunnel was between 10 and 15 m away. The magnitude of the displacement when it
stabilised was between 18 mm and 25 mm. The extensometer at MMS II was not 
taken into account as this installation is believed to be faulty.
• The extensometer just above the tunnel crown first recorded displacement when the
tunnel was a little more than 5 m away. The magnitude of the displacement when it
stabilised was in the order of 26 mm at three of the extensometers and 21 mm at 
MMS 8. This equates to 1.67 times the settlement at surface at MMS II and 1.5 
times the surface settlement at the other three sections.
• The displacement at all three depths generally stabilised once the tunnel top heading 
had passed the instrumentation section by approximately 15 m.
Ward and Pender (1981) compared the surface settlements and the settlement of the 
tunnel crown recorded on 28 tunnelling case histories. The data were widely scattered 
and no relationship between the ratio of surface:crown settlement versus the ratio 
depth:tunnel diameter is apparent. Rankin (1988) discussed subsurface ground 
deformations, and specifically the relationship between surface settlement and the 
settlement just above the crown, recorded during tunnelling. He concludes that in 
practice, the magnitude and direction of subsurface movements appear to be closely
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related to the tunnelling method and the soil type and are likely to be linked to the stress 
history of the soil. Atkinson and Potts (1977) reported the results of model tests on 
tunnels in sand and over-consolidated kaolin. They found the following relationship for 
the over-consolidated clay:
with a  equal to 0.13. This is an upper bound since no tunnel support is provided. Using 
this relationship for the tunnels at Terminal 4 a predicted ratio between settlement at the 
crown and surface settlement of 1.4 is obtained. All the values measured exceeded this.
The extensometers on either side of the tunnel generally behaved in a similar way. In 
Figure 5-40 the vertical displacement profiles representing stable conditions at the various 
depths are shown for the different instrumentation sections. The magnitude of the 
displacements on either side of the tunnel appeared to vary in a fairly consistent way. 
Firstly, consider the results obtained during the construction of the dovmline tunnel. At 
all three of the monitoring sections the magnitude of the vertical displacement at depths 
of 8 m and 12.5 m on the upline tunnel side of the downline tunnel (distance -5.5 m) is 
significantly more, up to twice, that measured on the other side of the tunnel (distance 
7 m). Although the extensometers on the upline tunnel side are closer to the tunnel being 
constructed, it is questionable if this satisfactorily explains the magnitude of the 
difference in displacement recorded. Consider for example a Gaussian distribution with a 
maximum settlement of 22.5 mm. The vertical displacement at distances of 5.5 m and 
7 m away from the tunnel centreline are 18.6 mm and 16.6 mm respectively. This is a 
difference of 2 mm or 11% of the settlement at the position nearer the tunnel and does not 
approach the difference of up to 50% observed. Another possible explanation for the 
difference is that the upline tunnel construction influenced the magnitude of the 
displacement. For two of the sections, MMS II and MMS VII, the upline tunnel was, 
however, constructed after the downline tunnel. This explanation therefore also does not 
appear to be satisfactory.
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Thelnagnitude of the displacement recorded on either side of the concourse tunnel also 
showed this trend, but in this case the displacement on the downline side of the tunnel 
was more than twice that recorded on the upline side. The displacements on the downline 
side, at depths of 8 m and 12.5 m, was also significantly more than that recorded at any of 
the other extensometers. It should be noted that although the largest displacements for 
the downline tunnel and the concourse tunnel were recorded on opposite sides of the 
respective tunnels, they were recorded at the same row of extensometers between the 
downline tunnel and concourse tunnel. This seems to indicate that the larger 
displacements measured with these extensometers are due to some physical factor present 
on site. Inspection of the drawings and tunnel layout did, however, not reveal any 
obvious reason for this behaviour.
The vertical displacements recorded with the extensometers installed to a depth of 21.5 m 
varied significantly at the different extensometers and did not appear to show any 
consistent trends. The stable vertical displacements recorded at a depth of 21.5 m during 
the construction of the downline tunnel and concourse tunnel (MMS I) are shown in 
Figure 5-41. From the figure it is evident that the displacements on either side of the 
tunnel varied and either showed some heave (up to 2 mm) or a limited amount of 
settlement, or significant settlements of between 7 mm and 11 mm. Both at MMS VIII 
and MMS II heave was recorded on one side of the downline tunnel and settlement on the 
other side, different sides in each case. The extensometers on either side of the concourse 
tunnel both indicated settlements of the order of 10 mm. The results therefore seem to 
indicate either very little displacement or settlements of the order of 10 mm. There is no' 
obvious reason for this apparent inconsistency in the measurements and it is not possible 
to determine if this difference is due to installation problems or represents displacements 
physically occurring at this depth.
The chain deflectometers were used to measure the vertical ground displacements ahead 
of the approaching concourse tunnel. The magnitude of the vertical displacements was 
typically ±2 mm, with only the bottom deflectometer at the first deflectometer section 
exceeding this. The estimated resolution of the displacement measurement is of the order
0.2 mm and consequently there is some scatter to the results. All the factors affecting the
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longitudinal displacement measurements discussed previously also have a bearing on the 
vertical displacement measurements.
Examples of the vertical displacement measurements are shown in Figure 5-42 to 
Figure 5-44 and include the following:
• In Figure 5-42 examples of the vertical displacement profiles recorded with the chain 
deflectometers at deflectometer section 1 are shown. The figure shows vertical 
displacement profiles for each of the three chain deflectometers with the concourse 
tunnel at various distances away from the instrumentation. The displacement profiles 
were selected to present the profile before commencing the construction of a top 
heading section (indicated with a (S)) and the profile after completion of a top 
heading section (indicated with a (F)).
• Figure 5-43 shows the vertical displacements measured at the sensors closest to the 
centreline of the concourse tunnel in each of the three deflectometer chains at the first 
deflectometer section. The vertical displacements are plotted against the distance 
between the instrumentation and the concourse tunnel top heading.
• Figure 5-44 shows the vertical displacements recorded at the sensor closest to the 
concourse tunnel centreline in the top deflectometer chain at deflectometer section 2. 
The vertical displacements are plotted, firstly, against the distance between the 
instrumentation and the concourse tunnel top heading and, secondly, against time.
The vertical displacements measured with the chain deflectometers were generally small 
and the measurements at the two different instrumentation sections were not particularly 
consistent. It is therefore not possible to draw specific conclusions from the vertical 
displacements measured with the deflectometers. The deflectometer results (see 
Figure 5-42 to Figure 5-44) indicate the following displacement patterns:
• Vertical displacement was first recorded at the top deflectometer, when the top 
heading was approximately 7 m away. At the two lower deflectometers, 
displacement was first recorded when the top heading was approximately 5 m away.
• The displacement pattern recorded with the top two deflectometers at both sections 
was relatively consistent. When displacement was first recorded, there seemed to be 
a downward movement of the entire deflectometer chain. The magnitude of the 
displacement was relatively small and did not exceed 2 mm. As the tunnel came
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"Closer, typically to within 3 m of the instrumentation, the middle section of the 
deflectometer chain started to move upwards. This behaviour is best illustrated by 
thé result obtained at Deflectometer 2 at the first deflectometer section (see 
Figure 5-42).
• The displacement pattern of the bottom deflectometer, as observed at the first 
deflectometer section, was different. The deflectometer revealed a trend of 
consistent upward movement as the tunnel approached and when the top heading 
section passed the instrumentation section. The magnitude of the vertical 
displacement was of the order 5 to 6 mm.
• The top deflectometer at the second deflectometer section, where the final logging 
frequency was once a minute, showed an interesting pattern of behaviour (see 
Figure 5-44). Displacements that seemed to be associated with the excavation stage 
are evident. During the excavation of the final top heading section (prior to 
removing the deflectometer) the middle section of the deflectometer moved down by 
approximately 1.5 mm. The displacement was however almost completely reversed 
within a period of 2 hours.
5.4 Summary
To summarise the displacement measurements, the routine monitoring results and 
additional monitoring results were used to prepare typical displacement patterns around 
the tunnel heading, as well as for the tunnel lining.
5.4.1 Ground displacements
Ground displacement vectors were prepared in the longitudinal plane on the turmel 
centreline and in the horizontal plane at the level of each of the three deflectometers. The 
inclinometer and deflectometer data were used to estimate the longitudinal displacements 
at different levels and the extensometer and deflectometer results were used to estimate 
the vertical displacements. The process comprised using all the available data to obtain a 
best estimate of the displacement versus the horizontal distance between the 
instrumentation and the tunnel top heading, at different elevations. To obtain a complete 
picture, some assumptions were necessary. These included:
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• Inclinometer data were available at 0.5 m intervals and therefore no interpolation was 
necessary to estimate the longitudinal displacements at different depths. The data 
however ceased when the tunnel reached the instrumentation and therefore no data 
were available for the area above the tunnel behind the face. It was therefore 
assumed that the longitudinal displacements did not change once the tunnel had 
passed the instrumentation section.
• Data for the vertical displacements above the tunnel crown were restricted to two 
extensometer points. Vertical displacements between the surface and the two points 
were obtained through linear interpolation. The displacements at the crown of the 
tunnel were estimated through linear extrapolation which probably under-estimates 
these displacements.
• The deflectometers and inclinometers were removed with the tunnel typically still 
more than 1 m away from the instrumentation. Ground displacements at the tunnel 
face therefore were obtained by extrapolating from the typical trend lines established 
from all the data. This extrapolation may not be accurate since there was little 
evidence available for estimating the rate at which displacements increased when the 
tunnel was that close to the instrumentation.
The displacement vectors are shown in Figure 5-45 and Figure 5-46 respectively. 
Figure 5-45 shows the displacements in a longitudinal plane on the tunnel centreline. 
From the figure it is evident that the flow of material is generally horizontal in front of the 
tunnel face and predominately vertical above the tunnel. Unfortunately no information is 
available on the flow of material below the tunnel. Figure 5-46 shows the longitudinal 
component of the displacement vectors in the horizontal plane at the level of each of the 
deflectometers. The data shows that the displacements were concentrated around the 
tunnel face, but it is important to note that these could have been influenced by the 
presence of the platform tunnel on either side. It is believed that the concentration of 
displacements around the tunnel was influenced by the presence of the platform tunnels 
and, if they were not present, the displacements would have been larger.
The typical displacements at the face of the tunnel were used to estimate the magnitude of 
the face-take during the concourse tunnel construction. Since relative volume loss is 
expressed as a volume per meter, the face-take was calculated by estimating the
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longitudinal displacements resulting from advancing the tunnel by a distance of 1 m. For 
the calculation the difference between the displacements recorded at the face and 1 m in 
front of the face was used. The steps in the tunnel face were ignored in the calculation,
i.e. the tunnel face in the bench and invert sections was projected to the position of the 
face in the top heading. The displacements were estimated at the tunnel circumference, at 
the three deflectometer sections and vertically along the tunnel centreline. The volume of 
the displaced surface was calculated using the program SURFER. The calculation 
revealed that the face-take was of the order of 0.45%.
5.4,2 Lining displacements
The displacements of the tunnel lining are summarised in Figure 5-47. The displacement 
vectors shown present the best estimate for the displacement of the lining obtained from 
the data for the two platform tunnels and the concourse tunnel.
The displacement of the top heading section of the lining shows an interesting trend. 
Displacement of the lining section can be attributed to three components, namely 
convergence, ovalisation and a vertical translation (settlement). Assuming that the 
horizontal displacement of the two side targets is due to the first two components it can 
be calculated that the vertical component of this displacement would be of the order of
1.5 mm. This implies that the two side targets experienced a vertical settlement 
(translation) of the order of 8 mm. If it is assumed that this represents the vertical 
displacement of the top heading section of the lining, the target in the crown only 
experienced a 1 mm vertical displacement which can be attributed to convergence and 
ovalisation. This suggests that the lining section in the top heading section experienced 
ovalisation in the vertical direction and not as is commonly believed that it squats. The 
figure also shows that the lining in the bench, and apparently the invert, shows very little 
deformation.
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Table 5-1 Monitoring frequencies for the construction of the platform tunnels.
Instrument Location of tunnelling face relative to 
instrumentation cross section
Monitoring frequency
Surface control points
Extensometers
Inclinometers
Piezometers
GL
d > 50 m
d < 30 m
e < 30 m
e > 30 m
Take initial reading
Once a day
Once a day
Once a week
In-tunnel points
3D monitoring pins 
Pressure cells
e < 30 m 
e > 30 m
Initial reading 
immediately after 
installation
Once a day 
Once a week
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Table 5-2 Summary of surface settlements on the centreline of the downline 
platform tunnel.
Control
points
Influence on the control 
point
Distance 
when first 
detecting 
settlement 
(m)
TH reaches control 
point
Invert reaches control 
point
ID Chain-
age
Time
(days)
Distance
(m)
Total
Settlement
(mm)
Settlement
(mm)
% of total 
Settlement
Settlement
(mm)
% of total 
settlement
D5 49 50.7 40.3 13.2 21.8 5.8 43.9 8.9 67.4
D6 60 36.0 34.2 12.7 23.6 6.4 50.6 9.8 76.8
D7 70 24.2 30.8 12.5 16.2 7.4 58.9 9.9 79.0
D8 80 19.8 27.6 12.6 15.8 6.2 48.8 10.5 83.3
D9 91 13.9 21.6 12.2 8.8 6.6 54.3 10.1 82.8
DIO 100 20.2 29.2 12.2 15.4 6.7 55.2 9.8 80.1
DII no 20.3 27.6 11.6 15.8 6.7 58.2 8.9 77.1
D12 120 20.0 22.6 II.O 12.6 5.3 47.8 7.9 72.0
D13 130 Not used
D14 140 18.1 19.6 10.6 10.0 5.4 51.3 7.7 72.6
DI5 ISO 17.1 28.1 15.5 12.0 7.8 50.1 11.7 75.5
D16 160 24.1 35.3 16.9 22.0 8.8 51.9 13.9 82.2
D17 170 17.9 2&2 13.4 10.8 5.0 37.1 8.4 63.0
D18 180 13.8 24.0 13.9 11.4 6.3 45.0 11.2 80.7
D19 190 15.8 29.6 19.5 15.0 7.3 37.2 13.0 66.6
D20 200 15.8 28.2 18.3 18.2 11.2 61.2 15.8 86.1
Average ; 21.8 28.3 % 15.3 : 6.9 50.1 10.5 76.4
Note: Settlements are calculated relative to a base reading selected to exclude the effect 
of compensation grouting.
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Table 5-3 Summary of surface settlements on the centreline of the upline platform 
tunnel.
Control
points
Influence on the control 
point
Distance 
when first 
detecting 
settlement 
(m)
TH reaches control 
point
Invert reaches control 
point
ID Chain-
age
Time
(days)
Distance
(m)
Total
Settlement
(mm)
Settlement
(mm)
% of total 
Settlement
Settlement
(mm)
% of total 
settlement
U9 91 30.9 22.4 16.3 13.2 7.8 47.7 12.5 76.5
UlO 100 26.1 26.3 18.1 14.2 9.3 51.1 13.4 74.3
U ll 110 27.9 28.2 13.9 14.6 9.3 67.3 11.7 84.4
U12 120 Not used
U13 130 20.2 27.0 7.1 12.4 3.7 51.5 5.1 71.4
U14 140 17.8 28.0 8.2 10.4 4.2 51.5 6.0 73.7
U15 150 18.9 32.7 11.2 10.4 3.6 32.5 5.6 50.2
U16 160 16.7 28.7 16.6 16.4 7.7 46.3 11.0 66.4
U17 170 17.0 30.2 17.0 16.0 10.2 60.2 13.1 76.9
U18 180 21.0 31.4 16.7 14.0 6.6 39.2 11.8 70.6
U19 190 15.0 20.4 16.8 10.6 8.4 49.8 12.2 72.4
U20 200 Not used
Average 21.1 27.5 14.2 13.2 7.1 49.7 10.2 71.7
Note: Settlements are calculated relative to a base reading selected to exclude the effect 
of compensation grouting.
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Table 5-4 Summary of surface settlements on the centreline of the concourse 
tunnel.
Control
points
Influence on the control 
. point
Distance 
when first 
detecting 
settlement 
(m)
TH reaches control 
point
Invert reaches control 
point
ID Chain-
age
Time
(days)
Distance
(m)
Total
Settlement
(mm)
Settlement
(mm)
% of total 
Settlement
Settlement
(mm)
% of total 
settlement
Cl 11 Not used
C2 20 14.6 28.4 18.4 13.6 10.5 57.1 13.6 74.0
C3 30 15.5 30.0 17.7 16.6 9.2 52.0 13.9 78.5
C4 40 17.3 32.4 16.1 17.2 7.4 45.8 10.7 66.3
C5 49 14.4 28.0 18.6 14.2 6.7 36.0 11.3 60.8
C6 60 13.8 23.8 17.2 16.6 10.7 62.1 13.9 80.9
Cl 70 Not used
C8 80 Not used
Average 15.1 28.5 17.6 15.6 8.9 50.6 12.7 72.1
Note: Settlements are calculated relative to a base reading selected to exclude the effect 
of compensation grouting.
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Table 5-5 Summary of downline tunnel lining displacements.
Chain-
age
Position 2 
(Crown)
Position 3 
(TH-right)
Position 1 
(TH-left)
Position 5 
(Bench-right)
Position 4 
(Bench-left)
Position 6 
(Invert)
Vert Horz Long Vert Horz Long Vert Horz Long Vert Horz Long Vert Horz Long Vert Horz Long
26.3 -10 -0.5 4.5 -10 0.75
(2.5)
4.25 -3.5 oi -2 -3.5 0
(3.5)
0
32.1 -12 -3.5 4.5 -9.8 -2 2 -11 2
(5)
0 -3 -1
(2)
ot
'
36.4 -11 -2.5 4
40.9 -11 -2 3 -11 -4 1.5 -11 0(4) 0 -2.3 -2 Ot -3.3 0* ot 2 , 0 5
49.8 -11 -1 2 -12 -4 0 -10 0.75
(3)
0
,
-0.5 0
(3)
-3
.  ■’
62.7 -12 -2 2 -12 -6 oi -10 1.25
(2.5)
-2 -2.5 Ot -2 @ .
69.5 -6.5 -0.5 1 -9 -5.5 o4 -3 oi o i -3 Ot -2.8 »
79.9 -12 -5.3 0Î ■ e m
83.3 -10 0* 3
90.8 -6.5 0* 5 -9.5 -3.2 0
101.6 -7.8 3.5 3 -11 4 0 ' ■
104.6 -8 -1 3.5
112.8 -7.5 oi 3 -8.5 -6.5 0 # ■
123.3 -8.5 0 2.3 -9 -3.5 oi -8 3.75 0 -2 0 oi -2 2 ot
128.3 -6 0Î 1
133.3 -7 8.5 ot -1 1 0
142.9 -8 0 1 -7.5 2.75 0 -2 4.5 0
155.2 -11 -5 0 -4.3 -2.3 0 -5.5 1.5 0
164.1 -12 o4 3 -15 5.5 0
175.2 -10 2.5 0 -3* -3 ot
185.5 -11 -3 6 -8 -4 0 m m - 0* -2 0 m # Ot ot 0
195.2 -8.5 oT 3.5 -8 0 0 -0.5* -1.5 0 -2.5 2.5 0* Ï-ÎÏ-'
205.8 -9 2.5 3 -9 0 ot -7.5 6.75 0
214.6 -13 OT 3 -4 0 0
Note: Where two values are shown in a cell, it is to indicate that the displacement was in two directions. The first
value indicates the magnitude at which the displacement stabilised. The second value in brackets indicate 
the magnitude of the displacement when the direction of displacement changed.
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Table 5-6 Summary of upline tunnel lining displacements.
Chaîn­
age
Position 2 
(Crown)
Position 3 
(TH-right)
Position 1 
(TH-left)
Position
(Bench-ri
5
ght)
Position 4 
(Bench-left)
Vert Horz Long Vert Horz Long Vert Horz Long Vert Horz Long Vert Horz Long
68.8 -8 2.5 3.5 -10 6 0 -1.3* -1.0* 0
78.8 -10.2 0 3 -9 -4 0 -9 2.5 -2
84.9 -10 -4.5 0 -10 2 -1
89.1 -9 0 6.5 -10 -4 0 -10 3.5 1
97.7
110.0
-10 0 3.8 -10.5 -4 0 -10
-10
2
8.5
1
-1
o i
o i
1.0*
0
Ot
0
119.7 -6.5 -3 0 -8 -6 -1 -10 0 -1 -1.5* o i -2*
130.1 1.0* 0 o i
139.7 1.5* o i o i m m # # ' m i #
149.9 -1.5* -1.5* 0
158.9 -11 -4 -3* -11 5 -2
167.7 -10 4.5 0 ■ -
176.9 -7 -1 4.5 -9.5 -5 0 -9.5 6 0 -2.5* Ot 0 -3 3 0
187.9 -9 0 2 -14 -6.5 -4 -11 5 -1 W # : '
198.5 -7.5 1 0 -10.5 -6.5 -3 -10.5 5 -5 -3 o t  o i
212.8 -7 5 -2 '
222.0 -6 2.5 0 0 2 - 1
227.1 -7 7 0 •
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Table 5-7 Summary of concourse tunnel lining displacements.
Chaîn­
age
Position 2 
(Crown)
Position 3 
(TH-right)
Position 1 
(TH-left)
Position
(Bench-ri
5
ght)
Position 4 
(Bench-left)
Vert Horz Long Vert Horz Long Vert Horz Long Vert Horz Long Vert Horz Long
4.5 -8 -3* 8 m m m m -4 0 1* -2 0* o i
10.3 -4 oi 0* -2 Ot 0
19.5 -6 -2.8* 3
25.2 -8.5 -4 0* -8.5 6.5 2* -2 0* 0*
35.1 -9 -4* ot -8.5 2.3* Ot
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Table 5-8 Summary of typical top heading, tunnel lining displacement.
Target
Vertical
displacement
Horizontal
displacement
Longitudinal
displacement
Downline Upline Concourse Downline Upline Concourse Downline Upline Concourse
2 -8.7 -8.1 -7 0 0 -3 3 2.6 5.5
[-6 to -13] [-6 to -10] [-6 to -8] [Oti] [Oti] [-3 ti] [1 to 6] [2 to 6.5] [3 to 8]
3 -9.3 -10.3 -8.8 -4.7 -4.9 -4 0 -1.2 0
[-8 to ”12] [-8 to -14] [-8.5 to -9] [-3 to -6] [-4 to -6.5' [-4 ti] [Oti] [Oi] [Oti]
1 -9.4 -9.6 -7 4.8 4.4 2.9 0 -0.9 1
[-7 to -15] [-7 to -11] [-4 to -8.5] [2.5 to 8] [2 to 6] [2 to 6.5] [oTi] ro-i] roT]
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Table 5-9 Summary of typical bench tunnel lining displacement.
Target
Vertical
displacement
Horizontal
displacement
Longitudinal
displacement
Downline Upline Concourse Downline Upline Concourse Downline Upline Concourse
5 -2.4 
[-2 to -4]
-0.6 
[Ito -2.5]
-4 -1.3 
[-1 to -3]
-0.2
[Oti]
oi 0
[Oti]
-0.3
[Oti]
0
4 -2.7 
[-1 to -5]
-2
[0 to -3]
-2 1.9 
[Ito 4.5]
1.7
[2 to 3]
ot -0.5
[Oi]
-0.4
[Oi]
0
O nm
IT)
zsm
isww
ESMM -
a
IIIA SWW
ssm “
I SMS
9 S M Ï -
II SMM
Z.SM%
8SM%
rsMs
6SM 3
ESMS
S ) CO W
01 SMU
HA SMM
n SM%
tS M S
ZI SM^
SSMS
El SMa
in  SMM
I
§
§
I
I
0
1
I(J
1
«aI
i
ê
Sa
«
I
«
M
75I
I
I
IT)
I
oVO
m
cs
I
•o
m
(N
m«0 «S
*n
cn
o\
]3uum 3Sjnoono3
in
VO
ts
g
5:
•O
(S
o\
\o
p u u n j  ÎÜ 9 A  i p J O M
cu
000 I
cs
bp
CO
Z J a o i j o a s  J 9 j 9 r a o j o 9 ] j 9 Q
000
0
1
Q)
2Ia
s
V
I
I
0>JS
•Ëa
2CS
"3gs
2
u
2
9
2
9
8
9
9
I
H
0
"W
9
1
99
5-62
Compensation
grouting
01/08/95 21/11/95 12/03/96 02/07/96 22/10/96 11/02/97 03/06/97
Date
Figure 5-4 A typical surface settlement result obtained using precise levelling. The figure 
shows the vertical displacement of control point D5 over the entire period of 
construction.
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01/03/95 22/03/95 12/04/95 03/05/95
Date
24/05/95 14/06/95
Figure 5-5 Surface settlement monitoring of three control points on the centrelines of the 
downline, upline and concourse tunnels respectively during the period of no­
construction prior to restarting construction.
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Horizontal (+ )
Backfill
-------
nil —  iiir—TT
Note: Longitudinal displacement is in the direction of 
tunnelling (+  in direction of tunnelling)
Figure 5-6 Typical layout of optical targets for in-tunnel lining displacement monitoring.
Also shown in the figure is the convention used for the discussion of the results.
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Reinforcing bar for 3D convergence pin
Figure 5-7 A typical instrumentation installation in the sprayed concrete tunnel lining at 
Terminal 4.
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Figure 5-8 (a) Typical horizontal tunnel lining displacements observed at a monitoring section
(chaînage 41) in the downline platform tunnel.
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Figure 5-8 (b) Typical vertical tunnel lining displacements observed at a monitoring section
(chaînage 41) in the downline platform tunnel.
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Figure 5-8 (c) Typical longitudinal tunnel lining displacements observed at a monitoring
section (chaînage 41) in the downline platform tunnel.
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Figure 5-9 Tunnel lining displacement monitoring of the target in the crown of the upline 
platform tunnel at chaînage 22 during the period of no-construction prior to 
restart.
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Figure 5-10 Vertical displacement of the target in the crown of the downline platform tunnel at 
three different instrumentation sections at chainages (a) 26, (b) 50 and (c) 123.
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Prefeb concrete ring Concrete fill
Joint filler
Casing tube
Extensometers
Cement bentonite grout
Protective sleeve
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Borehole
Anchor unit
Figure 5-11 Detail of a typical subsurface multiple rod extensometer used at Terminal 4.
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Figure 5-12 Vertical displacements recorded at Extensometer MMS V ni-2 located on the
centreline of the downline platform tunnel.
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Figure 5-16 Photo of the deflectometer borehole and casing as exposed during the excavation of 
the cross passage.
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Figure 5-18 Photo illustrating the installation of the deflectometer.
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Figure 5-24 The (a) horizontal profile and (b) vertical profile of the chain deflectometer 
determined from the deflectometer data and survey results respectively.
5-85
g -10
È-12
-14
4 6 86 •2 0 28 -4
Survey (1) 
■ ^ D e f ( l )  
- a — Survey (2)
- B - D e f ( 2 )
Length (m)
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tunnels at different chainages.
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Figure 5-32 Examples illustrating the interpretation of the tunnel lining displacement results.
The graphs show the displacement of the crown target in the upline tunnel at 
chaînage 104.
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Figure 5-33 Longitudinal displacement profiles measured with the three deflectometers at 
instrumentation section 1. Shown in the figure are the displacement profiles with 
the top heading at various distances away from the instrumentation. (S) indicates 
the start of a top heading section and (F) indicates its completion.
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Figure 5-35 Examples of the longitudinal displacements measured at the sensors closest to the
concourse tunnel centreline at each of the three deflectometers at the first
instrumentation section.
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Figure 5-36 The longitudinal displacements recorded with the sensor closest to the concourse 
tunnel centreline in the top deflectometer chain at instrumentation section 2. The 
displacements are shown, firstly, relative to the distance between the tunnel and 
the instrumentation and, secondly, against time. Also shown is the displacement 
measured at inclinometer 4.
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Figure 5-38 Maximum longitudinal displacement measured with the inclinometers at a level of 
approximately 104 m.
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Figure 5-39 Vertical displacement recorded at the extensometers on the downline and 
concourse tunnel centrelines (MMS I) as the tunnel approached. The 
displacements are shown at (a) surface, (b) depth of 8 m and (c) depth of 12.5 m.
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Figure 5-40 Vertical displacements at the extensometer sections showing the stable 
displacement profiles at (a) surface, (b) depth of 8.0 m and (c) depth of 12.5 m.
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Figure 5-41 Vertical displacements at the different extensometers sections showing the stable 
displacement at a depth of 21.5 m.
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Figure 5-42 Vertical displacement profiles measured with the three deflectometers at
instrumentation section 1. Shown in the figure are the displacement profiles with
the top heading at various distances away from the instrumentation. (S) indicates
the start of a top heading section and (F) indicates its completion.
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Figure 5-43 Examples of the vertical displacements measured at the sensors closest to the
concourse tunnel centreline at each of the three deflectometers at the first
instrumentation section.
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Figure 5-47 Final displacements of the tunnel lining.
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6. NUMERICAL MODELLING
Numerical modelling of NATM tunnel construction has been carried out using the finite 
element program ABAQUS, both in two and three dimensions. This chapter presents the 
results of these analyses, which have explored a range of issues such as boundary 
conditions, mesh discretisation, and the effect of the initial stress state, constitutive model 
and modelling of construction details. The objective of all the analyses was to predict 
displacements. In Chapter 7 the predicted displacement patterns are compared with the 
field observations presented in Chapter 5.
6.1 Objectives of the numerical modelling
The assumptions and simplifications implicit in the use of numerical modelling 
techniques were discussed in Chapter 2. This research has focused specifically on the 
finite element method and the following three categories of approximations were 
investigated, namely
• assumptions and simplifications inherent in the method,
• the idealisation of soil behaviour, and
• the simplification of the geometry of the problem, which comprises the position of 
boundaries and the simplification of the construction process and construction details.
Due to these assumptions and simplifications, finite element predictions may fail to 
predict field conditions adequately. To improve the accuracy of finite element predictions 
it is necessary to investigate and quantify the effect of these various approximations. The 
purpose of the finite element analyses carried out as part of this research was therefore to 
investigate the effect of these approximations.
The objectives of the finite element analysis were therefore:
• to investigate the effect of the following aspects on the modelling of the construction 
of a NATM tunnel heading, namely
■ discretisation,
■ the position of boundaries,
■ the initial stress condition.
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the construction process and details, and 
■ the soil model used.
• to comment on the important issues that should ideally be incorporated into the 
design of NATM tunnels using the finite element method.
6.2 Methodology adopted for numerical modelling
To achieve the objectives of the finite element modelling, it was necessary to conduct both 
2D and 3D finite element analyses. It was decided to use a commercially available finite 
element program for this purpose. The application of 3D finite element analysis in 
geotechnical engineering is however relatively new and not all commercially available 
programs offer this facility. Furthermore, 3D analyses requires good pre- and post­
processing software for mesh creation and the analysis and interpretation of results. This 
requirement, as well as the availability of the different programs, limited the finite element 
programs that could be used during the research to:
• CRISP
• ABAQUS
• VISAGE
All three of these programs are used in the Department of Civil Engineering at the 
University of Surrey and after discussing the modelling issues with various people using 
and supplying the programs, it was decided to use ABAQUS for the majority of the 
analyses. The reasons for selecting this program were as follows:
• It has standard pre- and post-processing capabilities which are essential when 
conducting three dimensional analyses.
• It is not a ‘black box’ as such, as the theoretical background and validation of the
program are well documented in an extensive set of manuals.
• Other researchers in the Civil Engineering Department of the University of Surrey
had experience using it for three dimensional modelling.
It should be noted that after comparing the technical capabilities of the different programs, 
it was concluded that although there were differences, for example in how initial stresses 
are set up, these were not of great significance and all three the programs had advantages 
and disadvantages. Furthermore, the available soil models did not differ significantly.
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although not all allowed the flexibility of incorporating user-defined input. The technical 
capabilities of the programs and the soil models available did not therefore play a 
significant role during the selection process.
At the time of selecting the finite element code to be used, the importance of runtime (i.e. 
the solver that is used in the program) was not fully appreciated. Using ABAQUS to 
conduct a linear elastic analysis with the geometry described in Section 6.3.1 and 
modelling the sequential excavation of the tunnel (150 steps with one increment per step) 
on an upgraded Sun workstation took approximately 7 days. For 3D analysis the use of 
iterative solvers may improve runtime considerably, but this facility was not available in 
ABAQUS.
Once the program had been selected, simplistic two dimensional plane strain analyses of 
the example problems provided in the manuals, which also included tunnelling examples, 
were conducted to investigate the program’s operation and validate the procedures used. 
Following this exercise the modelling of the tunnelling problem discussed in Section 6.3 
commenced. Initially this comprised conducting 2D analyses to investigate the mesh 
discretisation and the position of the boundaries. The results obtained were used to 
produce a mesh that could be extended into the third dimension for 3D analyses. A 
number of 3D analyses were conducted to investigate the placement of boundaries for the 
three dimensional situation. Based on these numerical experiments, equivalent 2D and 
3D meshes were produced which were used for the remainder of the finite element 
analyses.
The remainder of the analyses was designed to investigate
• the effect of the initial stress state on the predictions,
• the effect of the soil model on the predictions, and
• the effect of realistically modelling the construction method and details.
In an attempt to separate the influence of realistically modelling the geometry of the 
problem and that of the soil model, the effect of the geometry of the problem was 
investigated using an isotropic non-homogeneous linear elastic material model. Other 
analyses were conducted with different material models and a simplified construction
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sequence to investigate the effect of the material model. This approach was adopted 
because of the runtime required for the 3D finite element analyses.
All the finite element analyses were run on a Sun Ultra 1 Model 170E workstation. The 
workstation had 128MB of RAM memory, but this proved to be insufficient and it was 
upgraded to 512MB. The analyses also required large amounts of hard disk space and an 
additional 23GB hard disk drive was added, giving a total of 27GB.
6.3 Finite element approximation of the problem
In Chapter 3 the layout of the station tunnels at Terminal 4 was presented. It was shown 
that the station comprised three parallel tunnels with a ventilation tunnel at either end and 
several cross passages and shafts connecting, or in close proximity to, the platform 
tunnels. The three tunnels are overlain by various existing structures, such as the 
Terminal 4 Short Term Car Park and the London Underground Limited ticket hall. The 
site investigation data presented in Chapter 4 also indicated that ground conditions along 
the length of the tunnels may vary. Modelling the construction of these tunnels is 
therefore a truly three dimensional problem.
Due to the resources required for 3D finite element analysis, it was not possible to model 
the true extent of this three dimensional problem. Some simplifications were therefore 
inevitable and will probably always be when modelling a problem of this complexity. In 
this section the basic model used for the finite element analyses is presented and the 
assumptions made are discussed.
6.3.1 Geometry
Due to the time and computational resources required for 3D finite element analyses it 
was possible to model realistically only the construction of a single tunnel in 3D and in 
addition assuming the tunnel centreline to be on the plane of symmetry. It was decided to 
focus the finite element modelling on the construction of the concourse tunnel since the 
detailed ground deformations around the tunnel heading was recorded during its 
construction. It was however still not possible to model the construction of the entire 
approximately 64 m length of concourse tunnel. Three dimensional analyses conducted
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by Dasari (1996) showed that plane strain conditions were reached after modelling 
construction of a length of tunnel equal to two times the tunnel diameter. In Chapter 5 it 
was concluded that the field measurements showed that control points at surface were 
influenced by the passing tunnel over a distance of 28 m. It was therefore decided to 
model the construction of the last 29 m of the concourse tunnel. The geometric model 
adopted for the majority of the finite element analyses is shown in Figure 6-1. The 
position of the boundaries were determined through several experimental analyses and the 
width, length and height of the mesh shown in the figure are those that were adopted 
based on the results of these experiments (see Section 6.4.2).
The geometry of the tunnel itself was designed to represent the actual advance lengths and 
construction sequence used during construction for the final 29 m of the concourse tunnel. 
Figure 6-2 shows a long section through the portion of the concourse tunnel that was 
modelled, illustrating the advance lengths and excavation sequence. For the construction 
of this portion of the tunnel the excavation sequence was:
• bench,
© top heading,
• bench,
• top heading, and
• double invert.
In order to compare the finite element analysis results with the field measurements, 
hypothetical monitoring sections were defined in the mesh. The positions of 
‘deflectometers’ corresponded with those of the field instrumentation. ‘Inclinonieters’ 
and ‘multiple-rod extensometers’ were, however, not at the same position as the field 
instrumentation, but for convenience were located at the same position as the 
deflectometers. For a transverse section the position of the monitoring points was similar 
to that of the field instruments. The position of the monitoring sections defined in the 
mesh are shown in Figure 6-2.
Due to the runtime of the 3D analyses it was necessary to adopt a simplified construction 
sequence for a number of the analyses. This comprised grouping an excavation sequence 
of bench, top heading, bench, top heading and double invert together into one advance. 
This simplified construction sequence is illustrated in Figure 6-3.
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6.3.2~ Soil and groundwater conditions
In Chapter 4 the soil and groundwater conditions at the Terminal 4 underground station 
site were presented. Based on the information presented the soil boundaries shown in 
Figure 6-4 were adopted and used in all the analyses. The site investigation showed that 
the London clay was not under-drained at Heathrow and the piezometers indicated a 
hydrostatic pore pressure distribution with the phreatic surface at a depth of between 1 m 
and 5 m below ground surface. It was therefore assumed that the water table was located 
at the top of the London clay horizon, i.e. 2.5 m below ground surface.
The site investigation provided limited information on the properties of the made ground 
and to some extent the Terrace gravels. These horizons were however relatively thin and 
were not expected to influence the finite element predictions significantly. Furthermore, 
of specific interest were the ground deformations around the tunnel heading and the 
influence of the two surficial layers on these were believed to be insignificant. Similar 
properties were therefore assigned to these two horizons, namely an isotropic 
homogeneous stiffness of 50 MPa and a Poisson’s ratio of 0.2.
The site investigation showed that the London clay extended to a depth of more than 70 m 
and the remaining material in the finite element model therefore comprised London clay. 
The purpose of all the analyses was to investigate the short term behaviour (during 
construction) and for this purpose it was considered reasonable to assume that the 
behaviour of the London clay was undrained. The properties of the London clay was 
discussed in detail in Chapter 4 and based on the information presented, stiffness and 
shear strength profiles were selected for the London clay as discussed below.
Undrained shear strength is not an unique material parameter and is dependent on, for 
example, the loading conditions (mode of failure) and material fabric. In Chapter 2 the 
problems of selecting undrained shear strength values for design are highlighted (see for 
example O’Reilly (1988) and Mair and Taylor (1997)). In Figure 6-5 the undrained shear 
strengths determined from undrained triaxial tests conducted on 38 mm and 100 mm 
samples taken at the Terminal 4 site, as well as values obtained from the self-boring 
pressuremeter tests conducted at Terminal 4, are shown. Based on these results and the
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other~data presented in Chapter 4, the following undrained shear strength profile was 
selected for the London clay
c „ = 6 2 . 5  +  5z (kPa)
where z is the depth below ground surface. Where undrained failure was modelled in the 
finite element analysis, a Tresca failure criterion was assumed unless otherwise stated.
To investigate the effect of the material model on the finite element predictions, a variety 
of stiffness profiles were used for the London clay. In Figure 6-6 the decay of stiffness 
with strain level determined from triaxial tests with local strain measurements 
(Heymann (1998)) is shown. The samples for the triaxial tests were taken in the tunnel 
bench at a depth of approximately 18 m. Also shown in the figure is the curve, based on 
the equation suggested by Jardine et al. (1986), adopted where the non-linearity of the 
London clay’s stress-strain response was modelled. Mair (1993) suggested that for 
tunnels the strain range typically varies between 0.01% and 1%. From Figure 6-6 it is 
evident that for this strain range the stiffness may vary between 250 MPa and 30 MPa 
depending on the direction of the stress path (see discussion in Section 4.4.5). Where an 
isotropic homogeneous stiffness was used in an analysis a value of 150 MPa was adopted.
In Figure 6-7 the undrained secant stiffnesses determined from triaxial tests with local 
strain measurements, as well as the stiffnesses determined from the self-boring, 
pressuremeter results, are shown. To account for the strain level dependency of the 
stiffness determined from the triaxial tests, it was calculated at a strain level of 0.1%, as 
well as 0.01% for the tests conducted by Heymann (1998). It was not possible to 
determine at which strain levels the stiffness was determined from the self-boring 
pressuremeter results and only the values determined from the first loading cycles are 
shown. The tests results conducted by Heymann (1998) were also used to calculate a 
vertical stiffness profile with depth. This was done by normalising the design curve 
shown in Figure 6-6 with the vertical effective stress. Although it is more common to 
normalise with the mean effective stress, this would have resulted in changes in the 
stiffness profiles for different Kq values and would have complicated the interpretation of
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the finite element results. The normalised stiffness-strain curve was used to calculate the 
stiffness at a strain level of 0.1% at the top and bottom of the London clay layer. This 
equated to a vertical stiffness profile equal to
£ ; = 3 0  + 6z (MPa)
where z  is the depth below the London clay surface. This is slightly higher than the 
vertical stiffness profile proposed by Hooper (1973) and adopted by Burland and 
Kalra (1986) as a reasonable conservative design profile, but seems to agree reasonably 
well with the data presented in Figure 6-7 and the information presented in Chapter 4. 
Equation (6-8) was therefore adopted as the isotropic non-homogeneous stiffness profile 
and the vertical stiffness profile for anisotropic conditions.
The other parameters necessary to define an anisotropic stiffness profile were selected as 
follows:
^ = 1 . 6
G , (6-10)
= 0.433
The site investigation did not provide any information on the stress-strain anisotropy of 
the London clay and the values used were therefore based on information presented in the 
literature. The ratio of horizontal to vertical stiffness of 1.6 was assumed by Burland and 
Kalra (1986) and was based on the back analysed field values for excavations in London 
clay. This ratio seems to be commonly accepted for London clay (Addenbrooke et 
ah (1997)) and was also recommended in the site investigation interpretation report (Mott 
MacDonald (1990)). Simpson et ah (1996) presented both field and laboratory test results 
defining the ratio of initial independent shear modulus Gy/, to Ghh as 0.65. Assuming Vhh
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to be equal to 0.2 and a ratio of 1.6 between the vertical and horizontal stiffness, the ratio 
between the G^ h and is calculated to be 0.433.
In spite of the site investigation information and the sophisticated stress path triaxial test 
results available (Heymann (1998)), as well as an extensive database of information on 
London clay properties reported in the literature, it was found that the selection of the 
material properties was somewhat subjective and uncertain. This is despite the fact that 
only simplistic elastic material parameters were selected for use in the finite element 
predictions.
6.33 Shotcrete properties
It was not an objective of this research to investigate the effect of the properties of the 
shotcrete lining on the finite element predictions. It is however realised that shotcrete 
properties are highly time dependent and that failing to model this behaviour may have an 
effect on the predictions. Dasari et al. (1996) investigated the effect of modelling the 
stiffness of the shotcrete on the prediction of surface settlement profiles using plane strain 
analyses. They concluded that the stiffness of the shotcrete did not significantly influence 
the predictions if the stiffness of the shotcrete was higher than 5 GPa. These conclusions 
were confirmed by Scott (1998). These conclusions however relate to 2D analyses and for 
3D analyses the effect of modelling the time-dependent stiffness of the shotcrete is 
expected to be more significant. The time-dependent stiffness of the shotcrete was 
however not modelled in any of the analyses conducted during this research and a stiffness 
of 10 GPa and a Poisson’s ratio of 0.2 were adopted for the shotcrete lining throughout.
6.3.4 Initial stress state
The in-situ stress state is very important for the analysis of geotechnical problems and for 
tunnelling problems, where it essentially is the loading condition, its importance cannot be 
over-emphasised. In spite of this the importance of in-situ stress conditions does not 
appear to be reflected in the finite element literature (Clough and Leca (1989)).
A convenient way of defining the horizontal effective stress is to express it as a ratio 
(coefficient of earth pressure at rest Ko) of the vertical effective stress. Burland et
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a l  (1979) calculated typical values for Ko in London clay and showed the significant 
effect of factors influencing the vertical effective stress, for example overburden pressure, 
on the value of Ko. At Terminal 4 the vertical stresses were influenced by the presence of 
the various existing structures and probably varied across the site. Instead of trying to 
account for this variation, for the calculation of Ko the vertical effective stress was 
calculated assuming no external loading. Horizontal effective stresses were measured 
using self-boring pressuremeter tests, as well as estimated from the mean effective stresses 
measured from samples in a triaxial cell. ATg-values calculated at Terminal 4 are shown in 
Figure 6-8. Based on these values and the information presented in the literature the Ko- 
proflle shown in the figure was adopted.
6.3.5 Simplifications and assumptions
Modelling the construction of the concourse tunnel is a truly three dimensional problem 
with the geometry, ground conditions and probably stress state varying in all three 
dimensions. The majority of these variations were not possible to quantify, but even if it 
had been possible to describe them accurately some simplifications would still have had to 
be made. The assumptions and simplifications made for the finite element analyses are 
highlighted in this section. It should however be noted that these assumptions and 
simplifications generally do not have a major influence when comparing the results of 
different finite element analyses, but do have an influence when comparing the finite 
element results with the field measurements.
i) Geometiy
The concourse tunnel was constructed in close proximity to the completed upline and 
downline platform tunnels, with approximately 4.5 m of clear separation between the 
concourse tunnel and the platform tunnels respectively. The concourse tunnel was 
constructed underneath the Terminal 4 Short Term Car Park with a row of columns 
founded on spread footings at a depth of approximately 5 m just off centre from the 
concourse tunnel centreline. These structures would have changed the stress conditions 
and, particularly in the case of the platform tunnels, will have influenced the ground 
displacement patterns around the concourse tunnel.
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If thereffect of these structures were to be taken into account it would have been necessary 
to model their construction. This would have significantly increased the extent of the 
geometry that had to be modelled (eg.the assumption of symmetry would not be valid) and 
consequently the size of the problem would have increased to a level which could not be 
realistically modelled. In the finite element analyses the presence of these structures was 
therefore neglected. No attempt was made to quantify the effect of this simplification. 
This simplification will have an effect when the yielding of the soil is modelled as 
different stress conditions would result in different stress states relative to the yield 
surface.
ii) Construction details
One of the objectives of the research was to investigate the effect of modelling the 
construction of the NATM tunnel on the predicted displacement patterns. Construction 
details were therefore modelled as closely as possible, but some details were not included 
in the finite element model. The doming of the tunnel face in the top heading, bench and 
invert, was not included in the model. This is, however, not thought to have had a 
significant influence on the finite element predictions. Furthermore, since the time 
dependent behaviour of soil was not modelled, the time aspects of the construction were 
not included in the model. Finally, although the actual construction sequence was 
modelled, the excavation pattern used for each section (for example a top heading) could 
not be modelled, as it was unknown and probably varied. All the elements in, for 
example, a top heading were removed simultaneously.
in) Undrained behaviour
The purpose of the finite element modelling was to investigate the short-term behaviour of 
the NATM constructed tunnels, i.e. the behaviour during construction. For this purpose it 
was assumed that the response of the London clay was undrained, i.e. it was assumed that 
there was no effective stress changes and no volumetric strains. Since the construction of 
the portion of the concourse tunnel being modelled took place over a period of slightly 
more than one month, there probably was very little groundwater flow and the assumption 
of no effective stress changes is believed to be reasonable. The assumption of no volume
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change is perhaps less realistic, since fissures may open, specifically around the tunnel 
heading, which could result in volume changes. These effects were however not taken 
into account in the analyses.
Undrained behaviour can be modelled using either undrained parameters and conducting a 
total stress analyses, or using effective stress parameters and conducting a coupled pore 
pressure-stress analysis. Conducting a coupled analysis however increases the degrees of 
freedom and, consequently, the size of the problem. Although this is not a problem with 
2D plane strain analyses, it can have a significant effect on the runtime of three 
dimensional analyses. For this reason all computations were carried out as total stress 
analyses and it was therefore not possible to determine the pore pressures. In plane strain 
both total stress and effective stress analyses were conducted to investigate if there was 
any difference when using these two approaches. The results obtained were the same for 
all practical purposes.
6.4 Numerical experiments
The first part of the numerical modelling was configured to investigate the effect that the 
three categories of assumptions and simplifications associated with the finite element 
method had on predictions. To investigate the effect of these assumptions and 
simplifications, a number of finite element experiments were conducted. The finite 
element experiments conducted and the results obtained are described in the following 
paragraphs.
6.4.1 Discretisation
In Chapter 2 the potential effect of discretisation, specifically the number of elements 
(fineness of mesh), type of elements and numerical integration being used, was 
highlighted. To investigate the effect of discretisation in this problem, twelve 2D plane 
strain numerical analyses were conducted.
Two finite element meshes were generated, namely a coarse mesh with 124 elements and 
a finer mesh with 254 elements. The finer mesh had more elements concentrated in the
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area of the tunnel. The two meshes are shown in Figure 6-9. Four sets of analyses were 
conducted using three different types of elements, namely
• 4-noded quadrilaterals with full integration (4n-F),
• 8-noded quadrilaterals with reduced integration (8n-R), and
• 8-noded quadrilaterals with full integration (8n-F).
Two sets of analyses were conducted using the coarse and fine mesh respectively with an 
isotropic homogeneous linear elastic material model. Another two sets of analysis were 
conducted with the coarse and fine mesh respectively using an isotropic homogeneous 
linear elastic perfectly plastic material model. The initial stress state was set up in all 
analyses using a Kq equal to 1. All the analyses assumed an unlined tunnel.
The surface settlement profiles and the volume losses obtained for the tunnel excavation 
were used to compare the predictions. The results obtained are summarised in 
Figure 6-10. From the results it can be concluded that there was a significant difference 
between the predictions obtained using the fine and coarse meshes. The difference 
between the results obtained with the two different meshes is not particularly obvious 
when comparing the predictions obtained using the 8-noded quadrilaterals with reduced 
integration. For both the material models used the volume loss obtained with the fine and 
coarse mesh was approximately the same and the shape of the settlement profiles did not 
differ significantly. The effect of the coarser mesh is however illustrated by the spread of 
results obtained when using the other element types. The magnitude of the surface 
settlement at the tunnel centreline, as well as the magnitude of the volume loss, differed 
by as much as 50% when using, for example, 8-noded quadrilaterals with full and reduced’ 
integration respectively. This effect is almost negligible for the predictions obtained with 
the finer mesh, for which both the magnitude of the volume loss and the shape of the 
surface settlement profiles were approximately the same for all three the element types.
It can therefore be concluded that provided the mesh is fine enough the type of element 
used does not have a significant influence on the predictions. The results indicated that 
further refinement of the mesh would probably not have significant benefit and the finer 
mesh, modified slightly based on the results of further experiments discussed in the 
following section, was adopted. It was also decided to use 8-noded quadrilaterals and 
20-noded brick elements with reduced integration for all the finite element analyses.
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6.4.2 ~ Boundaries
A  number of plane strain and 3D finite element analyses were conducted to investigate the 
effect of the position of the boundaries. Gunn (1993) provided some guidelines for the 
placement of boundaries for 2D plane strain analyses, namely
• bottom boundary a distance of 2 zq below the tunnel axis (34 m for the concourse 
tunnel geometry), and
• vertical far-field boundary a distance of 3zo from the tunnel centreline (51m  for the 
concourse tunnel geometry).
Two dimensional plane strain analyses, with both an isotropic homogenous linear elastic 
soil model and an isotropic homogeneous linear elastic perfectly plastic soil model 
respectively, were conducted with mesh widths of 30 m, 40 m, 50 m and 60 m and the 
height of the mesh fixed at 49.5 m. The width of the mesh was increased by adding a 
column of elements for every 10 m increase in width. An analysis was also conducted 
with the height of the mesh equal to 44.5 m and a width of 50 m. Tunnel construction was 
modelled by excavating the entire tunnel in one step and no lining was introduced.
The effect of moving the boundaries was evaluated by comparing the surface settlement 
profiles and the deformation of the tunnel excavation. The predicted surface settlement 
profiles are summarised in Figure 6-11. Also shown in Figure 6-11 is the volume loss 
(convergence of tunnel excavation) for each of the analyses. The volume losses indicated 
that, for the same soil model, the deformations of the tunnel excavation were virtually the 
same for all the analyses and this was confirmed by inspecting the deformed shape of the , 
tunnel. It therefore appears that the boundaries placed at the positions investigated did not 
influence the deformation of the tunnel excavation.
The predicted surface settlement profiles varied significantly, however, depending on the 
position of the boundaries. The results (see Figure 6-11) showed that even when 
boundaries were placed at distances which, based on field observations (see Deane & 
Bassett (1995)), are considered to be outside the zone of influence, significant surface 
settlement were observed in the far-field. This aspect of finite element analyses is well 
known and documented in the literature (see for example Gunn (1993), Dasari (1996)).
6-15
By increasing the width of the mesh from 30 m to 60 m the settlement at the far-field 
boundary were reduced from 4.2 mm to 1.7 mm for the elasto-plastic soil model.
In Figure 6-12(a) the surface settlement profiles predicted with different mesh widths, 
using the elasto-plastic soil model, are plotted. For each profile the value of the 
settlement at the far-field boundary were, however, subtracted. From the figure it is 
evident that the volume of the adjusted settlement curves increased as the width of the 
mesh was increased. The width of the settlement profile therefore increases as the width 
of the mesh is increased. The graph also suggests that there would be a mesh width less 
than infinity for which settlement approaching zero will be predicted at the far-field 
boundary. To investigate this the inverse of the mesh width is plotted against the 
settlement recorded at the far-field boundary for both the elastic and the elasto-plastic 
analyses in Figure 6-12(b). From the figure it appears that a mesh with a width of 
approximately 150 m will be required to reduce the settlement at the far-field boundary to 
zero for the elasto-plastic model. A wider mesh would be required for the elastic soil 
model. Such a wide mesh would however result in a much wider settlement profile than 
observed in the field.
The analysis conducted to investigate the position of the bottom boundary showed that the 
position of this boundary also influenced the predicted surface settlement profiles, but 
again had no significant influence on the deformation of the tunnel excavation.
From the 2D plane strain analyses it can be concluded that the placement of boundaries 
according to the guidelines given by Gunn (1993) is adequate for modelling the 
deformation of the tunnel excavation, but not the displacements in the far-field, for 
example, the surface settlements. In order to reduce settlements at the far-field boundary 
to zero, the boundary has to be placed significantly further away than Gunn’s suggestion. 
The magnitude of the displacement in the far-field depends on the soil model being used 
and the position of the boundary to reduce settlement in the far-field to zero will 
therefore depend on the soil model being used, as well as the material parameters for the 
specific model. For the soil models used, a mesh width of 150 to 200 m is required to 
reduce the settlement at the far-field boundary to zero. Such a wide mesh will however 
result in an unrealistically wide settlement profile. It was therefore decided not to adopt
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such â wide mesh and for the remainder of the analyses a mesh with a width of 60 m was 
used.
To investigate the position of the bottom and far-field transverse boundary (boundary 
ahead of the tunnel) a number of isotropic homogeneous linear elastic 3D analyses were 
conducted. Again the installation of the tunnel lining was not modelled. Three analyses 
were conducted, using mesh lengths of 40 m, 60 m and 100 m respectively. No elements 
were added for the mesh with a length of 100 m and the aspect ratios of some of the 
elements in this mesh somewhat exceeded a ratio of 1:10, which is not desirable. The 
purpose of the analysis was however only to qualitatively assess the effect of the boundary 
position and for this purpose the mesh was considered acceptable.
To evaluate the effect of the position of the bottom boundary the longitudinal 
displacements on the tuimel centreline were inspected. An initial analysis with a 60 m 
long mesh and a 49.5 m high mesh showed that with the bottom boundary at this position 
significant longitudinal displacements were predicted near the bottom of the mesh. The 
height of the mesh was therefore increased by 20 m by adding two additional rows of 
elements. A mesh with a height of 69.5 m was then used for the subsequent analyses 
investigating the position of the far-field transverse boundary.
The influence of the position of the far-field transverse boundary was judged using the 
displacements at the surface in the vertical direction along transverse cross-sections and in 
the longitudinal and vertical directions along a longitudinal section on the centreline. In 
addition the deformation of the tunnel excavation and the longitudinal displacements 
along vertical sections on the centreline (‘inclinometer’ sections) were used. The results 
are summarised in Figure 6-13 to Figure 6-16 and show the following:
• Cross-sectional surface settlement
Because the analyses were all elastic with no plasticity, plane strain conditions could 
only be reached if the tunnel was excavated through the entire 3D mesh (see 
Figure 6-19 discussed later in this section). The analyses conducted with three 
different mesh lengths show that as the length of the mesh is increased the surface 
settlement at monitoring section MSI, after modelling the construction of 29 m of
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tünnel, reduces (see Figure 6-13). This confirms that the settlement profile 
approaches the plane strain settlement trough as the end of the tunnel approaches the 
far-field boundary. The transverse settlement profile therefore depends on the portion 
of the tunnel excavated in relation to the total length of the mesh.
• Longitudinal displacements at surface
Figure 6-14 shows the development of longitudinal surface displacements along a 
longitudinal section as the tunnel is advanced into a 60 m long and a 100 m long 
mesh. The longitudinal displacements show that after excavation of a length of 
tunnel of approximately two tunnel diameters, the near boundary no longer influences 
the predictions. For both mesh lengths this condition is reached after the excavation 
of TH15 (i.e. when the tunnel top heading has been advanced 14.2 m). For the 100 m 
long mesh steady state conditions prevail after this. For the 60 m long mesh, 
however, the longitudinal displacements reduce as the tunnel is advanced further 
which implies that the displacement patterns are influenced by the far-field boundary. 
The maximum longitudinal displacement after excavation of TH15 for the 60 m long 
mesh was, however, within 4% of the maximum longitudinal displacement for the 
100 m long mesh.
• Tunnel excavation deformation
The deformations of the tunnel excavation for a 60 m and a 100 m long mesh 
respectively, at monitoring section MS3 with the invert completed to this chainage 
are shown in Figure 6-15. From the figure it is evident that the two deformed tunnel 
profiles coincide. The length of the mesh therefore apparently has no significant 
influence of the deformation of the tunnel excavation.
• Longitudinal displacement at ‘inclinometers’
The longitudinal displacement profiles predicted for the inclinometer at monitoring 
section MS3 after excavation of TH15 are shown in Figure 6-16 for a 60 m long and 
100 m long mesh respectively. From the figure it is evident that the displacement 
profiles are very similar and almost coincide. It therefore appears that the position of 
the far-field transverse boundary does not significantly influence the longitudinal 
displacements around the tunnel heading.
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FromTthese 3D numerical experiments it can be concluded that the position of the far-field 
boundary influenced the displacements predicted at ground surface, but did not 
significantly influence the radial-take and the face-take. A mesh with a length of 60 m 
was therefore adopted for the remaining 3D analyses.
At this stage the 2D and 3D meshes shown in Figure 6-17 and Figure 6-18 were finalised 
to be used for the remainder of the finite element analyses. The 2D mesh comprised 317 
8-noded quadrilaterals, with 1 978 degrees of freedom. The 3D mesh comprised 12 636 
20-noded brick elements with 162 807 degrees of freedom. To investigate the consistency 
of the mesh and the working procedures adopted for the analyses the surface settlement 
profiles obtained with 2D and 3D plane strain analyses were compared. The results 
obtained are summarised in Figure 6-19. For the 3D analyses the settlement profiles 
predicted at MSI and MS3 are shown. From the figure it is evident that all three the 
settlement profiles coincide. This was also true for the deformation of the tunnel 
excavation.
6.4,3 Initial stress condition
To investigate the effect of the initial stress state on the finite element predictions a series 
of 2D and 3D analyses were conducted with different K q profiles. The K q profiles used in 
the analyses are shown in Figure 6-20. A 2D analysis with a surcharge load of 85 kPa was 
also conducted to investigate the effect of the vertical initial stress conditions.
2D analyses with the initial stresses set up using the different Kq profiles were conducted 
for both isotropic non-homogeneous linear elastic and isotropic non-homogeneous linear 
elastic perfectly plastic soil models. The tunnel excavation was modelled using a top 
heading, bench and invert sequence. In all the analyses the construction of the lining was 
modelled using a sequentially constructed approach. This comprised modelling the 
excavation and installing of the lining in consecutive steps. The completion of the tunnel 
therefore comprised six steps. The predicted surface settlement profiles and the 
deformation of the tunnel excavation are shown in Figure 6-21 and Figure 6-22 
respectively. From the figures it is evident that both the distribution of surface settlement 
and the deformation of the tunnel excavation are highly dependent on the initial horizontal
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stress" conditions. This behaviour is to be expected since for tunnelling problems the 
initial stress state essentially is the loading condition. The effect was significantly more 
pronounced for the elasto-plastic material model.
From the results shown in Figure 6-21 and Figure 6-22 it is evident that with increasing K q 
(mean stress) the deformation of the tunnel excavation increases. The increase in 
horizontal stress also results in the rotation of the displacement vectors from 
predominately vertical (low K q) to horizontal (high K q). This results in an increase in the 
settlement predicted in the far-field with increasing K q. Interesting, however, is that with 
an increase in K q the settlement of the tunnel crown increases, but there is an area above 
the tunnel where the surface settlement profile shows a heave effect. In Figure 6-23 the 
vertical displacements predicted at different depths on the centreline above the tunnel are 
shown. From this figure this trend is also evident, i.e. there generally is a decrease in 
settlement predicted at surface, but at the tunnel crown the settlement increases (with the 
exception of a Kq profile of 1). The increase in the settlement of the tunnel crown is more 
significant for the Kq profiles with a maximum value of 2 and 3 respectively. This 
observed behaviour is believed to be due to the fact that for high K q values the stress state 
above the tunnel is close to passive failure. With the excavation of the tunnel, a zone of 
soil above the tunnel fails. The large deformations of the tunnel crown appear to confirm 
this.
Only one analysis was conducted to investigate the effect of the vertical initial stresses. 
Using a Ko profile with a maximum value of 2 and an elasto-plastic material model, a 
surcharge of 85 kPa was applied before the tunnel construction was modelled. A value of 
85 kPa was adopted as the surcharge load for modelling the loading of the existing 
structures by Powell et al. (1997) during the design of the station tunnels. The predicted 
surface settlement profile is shown in Figure 6-21(b). The settlement profile excludes the 
settlements resulting from the application of the surcharge load itself. The result shows 
that the initial vertical stress also has a significant effect on the predicted surface 
settlement profile and the deformation of the tunnel excavation. The higher vertical stress 
did not change the shape of the surface settlement profile significantly, but significantly 
increased the magnitude of the vertical settlement. The surcharge resulted in an increase 
of 190% in the settlement predicted on the tunnel centreline.
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Three 3D analyses were conducted to investigate the effect of the initial stress state when 
modelling the tunnel construction in three dimensions. For all three analyses an isotropic 
non-homogeneous linear elastic material model was used. The simplified construction 
sequence shown in Figure 6-3 was used for all three the analyses and the lining was 
modelled as sequentially constructed. The results are summarised in Figure 6-24 to 
Figure 6-27.
Figure 6-24 shows the surface settlements predicted on the tunnel centreline in the 
longitudinal direction with the tunnel advanced 14.2 m (SEC6 (see Figure 6-3) completed) 
and 29 m (SEC 14 (see Figure 6-3) completed) respectively. Figure 6-25 shows the 
transverse settlement profiles predicted at monitoring section MS3 with the tunnel top 
heading directly underneath the monitoring section and advanced 14.8 m past the 
monitoring section. Figure 6-26 shows the deformed tunnel excavation at monitoring 
sections MS 1 and MS3 after the tunnel invert was constructed at the monitoring section. 
From these figures it is evident that the initial stress conditions also have a significant 
influence on the predicted displacement patterns for 3D analyses.
An increase in the initial horizontal stress changed the shape of the deformed tunnel 
excavation. With a A'o of 1 the tunnel excavation appears to converge with no significant 
ovalisation observed. With the higher K q values ovalisation in the vertical direction (i.e. 
larger horizontal deformation than vertical deformation) was evident. Figure 6-27 shows 
the predicted vertical displacements at different depths on the tunnel centreline above the 
tunnel at monitoring section MS3 with the tunnel passing underneath the monitoring 
section and the tunnel 14.8 m passed the monitoring section. From the figure it is evident 
that the pattern of vertical displacement is similar for the different K q conditions, but that 
the magnitude of the displacement is less when the initial horizontal stress increases. It 
therefore appears that the difference in the shape of the deformed tunnel excavation 
resulted in less vertical displacement (and even heave) being recorded at the surface above 
the tunnel (see discussion in Section 2.2.2 (Verruijt and Booker (1996))).
Figure 6-24 and Figure 6-27 show that with higher initial horizontal stresses, there also is 
a tendency for the completed tunnel to move upwards as the tunnel is advanced. For a Ko
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profilé with a maximum value of 2, the vertical displacement on the tunnel centreline at 
monitoring section MSI increased by approximately 26% when the tunnel was advanced 
from 14.2 m to 29 m. In contrast no significant change in displacement at this position 
was observed for a K q profile with a value of 1 (see Figure 6-24).
From the 2D and 3D analyses conducted to investigate the effect of the assumed initial 
stress state on the predictions, it can be concluded that the initial stress state has a 
significant influence on the predicted ground displacement patterns both around the tunnel 
and at ground surface. This leaves the numerical modeller with the problem of what 
initial stress state should be used in the analysis. The difficulties in determining the in- 
situ stresses (prior to construction) were discussed in Chapter 4 and are reflected by the 
scatter of K q values in Figure 6-8. A best estimate of the K q profile at the Terminal 4 site 
(see Figure 6-8) reflects high values towards the surface of the London clay. Using this K q 
profile (i.e. the in-situ stresses prior to construction) to set up the initial stresses in the 
finite element analysis, for the material models used, resulted in deformation patterns that 
are not observed in the field. In both the 2D and 3D analyses, for example, heave was 
predicted at ground surface on the tunnel centreline. The cause of these unrealistic 
predictions is believed to be a result of the material models used and the fact that the in- 
situ stress state and the initial stress state were the same.
The effect of the material model being used is investigated in the following section. The 
assumption that the in-situ stress state and the initial stress state in the analyses were the 
same does not appear to be realistic. Construction of the tunnels will result in stress' 
redistribution and the stress state would therefore vary along the length of the tunnel. To 
take this into account in a 2D analysis is impossible since the analysis assumes the 
construction of an infinite length of tunnel. It is however fair to conclude that the stresses 
in the area of the tunnel would be lower than the in-situ stress state. When the tunnelling 
problem is modelled in 3D the redistribution of stresses is accounted for in the analysis, 
but depends on the material model being used. Furthermore, there is the problem that at 
the start of the analysis (when construction of the tunnel commences) the initial stress 
state is assumed to be the same as the in-situ stress state. As discussed above this is not 
true and a realistic distribution of stresses along the length of the tunnel will only be 
reached once some length of tunnel construction has been modelled. Even for 3D analysis
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it is therefore necessary to model a sufficient length of tunnel construction (perhaps of the 
order of one tunnel diameter) to allow a realistic redistribution of stresses and to disregard 
the results obtained for the first portion of the tunnel.
6.4.4 Material modelling
In recent years many researchers have focused on developing material models for use in 
numerical modelling and currently there are some highly advanced models available, 
some of which are discussed in Chapter 2. These advanced models are however currently 
mostly used for research purposes. In this research the focus was primarily on the 
importance of realistically modelling the geometry of the problem and the intention was 
not to develop a new material model or even to investigate the advanced material models 
that are available. The material models available in ABAQUS were therefore used, 
although the non-linearity of the stress strain response was incorporated in some of the 
analyses through the user-input subroutines. The philosophy adopted was to start with the 
most elementary material model and then to increase the complexity of the model 
gradually to investigate the effect thereof.
For this purpose a serious of 2D and 3D analyses were conducted. Initial stress conditions 
were set up using a Ko profile with a maximum value of 2 (see Figure 6-20). Tunnel 
construction was modelled adopting a sequential approach and for the 3D analyses the 
simplified construction sequence (see Figure 6-3) was used. The material models used 
were as follows (the material parameters for each model are given in Section 6.3.2): 
isotropic homogeneous linear elastic model (IHLE) 
isotropic non-homogeneous linear elastic model (INLE) 
anisotropic non-homogeneous linear elastic model (ANTE) 
isotropic non-homogeneous linear elastic perfectly plastic model (INLEPP) 
anisotropic non-homogeneous linear elastic perfectly plastic model (ANLEPP). This 
analysis was only conducted in 2D and the von Mises failure criterion was adopted 
since the Tresca criterion is not available in ABAQUS for an anisotropic model, 
isotropic non-homogeneous non-linear elastic perfectly plastic material model 
(INNEPP).
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i) ~ Modelling o f non-linear stress-strain response
Before discussing the results obtained with the analyses using different material models it 
is necessary to describe the non-linear stress strain response for the London clay that was 
used in some of the analyses. Although the hyperbolic stiffness model is available in 
ABAQUS, Gunn (1993) has pointed out that with this model it is very difficult to 
incorporate the true small strain stiffness response. He proposed an alternative way of 
describing the non-linearity of the stress-strain response. After evaluating Gunn’s 
proposed power law expression and the periodic logarithmic function proposed by Jardine 
et a/. (1986) it was decided that the latter produced a better fit for the available data (see 
Figure 6-6).
The user-defined subroutines available in ABAQUS were used to incorporate the non­
linear stress-strain response. These subroutines allow the user to define, for example, the 
stiffness as a function of any field variable that is defined by the user. It is therefore 
possible to define the deviatoric strain invariant as a field variable and describe the 
variation of stiffness therewith at a number of discrete values. ABAQUS assumes a linear 
variation between the defined points and the degree to which the defined variation follows 
the equation therefore depends on the number of points specified. The design equation 
adopted (see Figure 6-6) and the variation of stiffness defined in ABAQUS is shown in 
Figure 6-28(b). The procedure for calculating the stiffness to be used during an analyses 
was therefore as follows: based on the strains calculated in the previous increment, the 
deviatoric strain invariant is calculated and a stiffness is then selected according to the> 
defined variation. This approach is therefore similar to the tangent stiffness method 
described, for example, by Potts and Zdravkovic (1999) and the accuracy of this method 
depends on the size of the increments used.
To investigate the implementation of the material model in ABAQUS, a simple single 
element test, simulating a triaxial test was conducted. The element was constrained on 
rollers on the axis of symmetry and at the bottom, and loading comprised applying a 
displacement at the top of the element in a number of small increments. The results 
obtained are summarised in Figure 6-28. Figure 6-28(a) shows the load displacement 
response obtained. Figure 6-28(b) shows the stiffnesses calculated using the user-defined
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subroutine, as well as the design curve and idealisation implemented in ABAQUS. From 
the figure it is evident that for sufficiently small increments the variation of stiffness with 
strain level can be reproduced.
The next step was to investigate the effect of increment size on the predictions involving 
the tunnelling problem. Although the size and number of the increments can be defined 
by the user in ABAQUS, less problems were encountered if the size of the first increment 
was specified and ABAQUS was allowed to automatically calculate the remaining 
increment sizes. A 2D analyses was therefore conducted using an initial increment size of 
0.001 (where the increment size denotes the fraction of load applied in the increment) 
together with ABAQUS’s automatic increment sizing routine. The calculated variation of 
stiffness normalised with depth, with deviatoric strain for three elements around the tunnel 
top heading is shown in Figure 6-29. From the figure it is evident that the calculated 
response closely followed the design curve.
The effect of introducing small increments in the 2D analysis increased the runtime, but 
due to the size of the 2D problem this was not problematic. If a similar procedure was 
however to be used for the 3D analysis the runtime for the analysis would have been 
several months and this was not feasible. It was therefore decided to investigate the effect 
of having a large number of increments for only the first step and then significantly 
decreasing the number of increments in subsequent steps. A 2D analysis was conducted 
where the same incrementation used previously was adopted for the excavation of the top 
heading, but for subsequent steps only 3 increments were used. The surface settlements' 
predicted for the excavation of the top heading (TH), bench (B) and invert (I) in the two 
respective analyses, as well as the final deformed tunnel excavation profile, are shown in 
Figure 6-30. From the figure it is evident that with less increments the predicted 
maximum settlement was slightly less but this equated to only a 3% difference. It was 
therefore decided to adopt this procedure for the 3D analysis.
To evaluate the influence of this assumption the calculated normalised stiffness variation 
with strain level for three elements around the tunnel top heading was inspected and the 
results obtained at monitoring section MS3 is shown in Figure 6-31. From the figure it is
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evident that the calculated stiffness variation with strain level closely followed the design 
curve. It was therefore concluded that the impact of this assumption was not significant.
ii) Results
In Figure 6-32 surface settlement profiles and the deformed tunnel excavation profiles 
predicted using the different soil models are shown for a ‘ series of 2D analyses. From the 
figures the following observations can be made:
• For the non-homogeneous stiffness profile the average stiffness around the tunnel was 
lower than for the homogeneous stiffness profile and the introduction of non­
homogeneity resulted in an increase in volume loss. A significant increase in the 
displacement of the tunnel crown and a slight reduction in the displacement in the 
invert is evident. This resulted in a significant increase in surface settlement recorded 
above the tunnel with the magnitude of the settlement in the far-field not changing 
significantly. In general the shape of the settlement trough was more realistic, but 
some ‘heave’ was still evident above the tunnel centreline.
• Introducing a cross-anisotropic non-homogeneous stiffness model did not 
significantly change the shape of the settlement trough, but did reduce the magnitude 
of the settlements significantly. This also meant that settlements in the far-field were 
significantly reduced, i.e. from 3.1 mm to 0.3 mm.
• The next step was to introduce plasticity for both the isotropic and anisotropic non- 
homogeneous material models. The Tresca yield criteria was used for the isotropic 
model and the Von Mises yield criteria was used for the anisotropic model for reasons 
discussed previously. Analyses conducted with an isotropic homogeneous rnodel and 
both yield criteria however showed that the shape of the predicted surface settlement 
patterns was almost identical and that the maximum predicted settlement did not 
differ by more than 6% for the 2D situation. The results are therefore believed to be 
comparable. Modelling yielding resulted in a significant increase in volume loss and 
correspondingly the magnitude of the surface settlements. The introduction of 
plasticity for the isotropic and anisotropic elastic analyses showed that for both 
surface settlement profiles some significant ‘heave’ was predicted in the area above 
the tunnel. Although this effect was also observed for the material models that did 
not include plasticity, the effect was much more pronounced when plasticity was
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modelled. Again the shapes of the isotropic and anisotropic surface settlement 
profiles were similar, with the anisotropic profile showing slightly less ‘heave’.
• Modelling the non-linearity of the stress-strain response did not significantly change 
the deformation of the tunnel excavation and in fact reduced the volume loss slightly. 
The shape of the surface settlement profile however changed significantly. The 
settlement profile did not show any ‘heave’ with the maximum settlement recorded 
on the tunnel centreline.
From the 2D analyses it can be concluded that including anisotropy and the non-linearity 
of the stress-strain response improved the prediction of surface settlements significantly. 
Including anisotropy in the material model reduced the settlements predicted in the far- 
field significantly. Modelling the non-linearity of the stress-strain response resulted in a 
much more realistic shape for the settlement trough with the maximum settlement 
recorded on the tunnel centreline.
A similar set of 3D analyses was conducted and the results of these are summarised in 
Figure 6-33 to Figure 6-41. The results shown in the figures comprise the following:
• Figure 6-33 shows the deformation of the tunnel excavation recorded at monitoring 
sections MSI and MS3 after completion of the tunnel invert at the two sections 
respectively. The deformation of the tunnel excavations increased with the 
introduction of non-homogeneity and plasticity. Introducing anisotropy reduced the 
deformations. It is interesting to note that the deformation of the linear elasto-plastic 
and non-linear elasto-plastic models were again similar, with the non-linear model 
predicting slightly larger deformations. A comparison of the results obtained at MSI ‘ 
and MS3 shows that the magnitude of the deformations did not change significantly 
for the models with no plasticity. When plasticity was modelled it significantly 
increased the magnitude of the volume loss.
• Figure 6-34 shows the vertical displacement at surface along the tunnel centreline and 
Figure 6-35 shows the transverse settlement profile at monitoring section MS3 
predicted with the different soil models. The displacement profiles are shown with 
the tunnel advanced 14.2 m and 29 m respectively. From the figures it is evident that 
the material model used made a significant difference in the predicted displacement 
patterns at surface. None of the material models used however changed the peculiar 
shape of the predicted surface settlement troughs seen for the initial stress state used.
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For the 2D analyses the modelling of the non-linear stress-strain response did appear 
to rectify this behaviour. Of the material models used the ANLE-model and the 
INNEPP-model showed the least amount of ‘heave’ above the tunnel when it was 
advanced 29 m. The anisotropic model again predicted the least displacement in the 
far-field, but this was still large if expressed as a percentage of the maximum 
displacement predicted.
Figure 6-36 and Figure 6-37 summarise the predictions of vertical displacements at 
different depths on the tunnel centreline above the tunnel at monitoring section MS3. 
In Figure 6-36 the displacement patterns are shown with the tunnel passing 
underneath the instrumentation section and advanced 14.8 m past the section. In 
Figure 6-37 the development of the vertical displacements is shown at three different 
levels as the tunnel approaches and passes the monitoring section. From the figures it 
is evident that the vertical displacement patterns are significantly influenced by the 
material model being used. As expected the most significant effect was obtained 
when plasticity and the non-linearity of the stress-strain response were introduced. 
Both the magnitude and displacement patterns changed significantly. There is, 
however, a significant difference between the displacement patterns predicted with 
these two models respectively. Figure 6-38 shows the vertical displacements 
predicted with the tunnel at three different positions for each of the two soil models. 
From Figure 6-38 it can be seen that when the tunnel passes the instrumentation 
section (steps SEC6 to SEC8) the linear elastic model predicts the largest 
displacements at surface and in an upwards direction, while the non-linear model 
predicts the largest displacement directly above the tunnel in a downwards direction.' 
When the tunnel is advanced, the linear elastic model predicts vertical displacement 
in an upward direction, while the non-linear elastic model predicts vertical 
displacement in a downward direction. In fact all the material models except the 
INNEPP-model predicted a change in the direction of the vertical displacements 
(from downward to upward) once the lining in the tunnel invert was completed (see 
Figure 6-37). These models therefore predict that the lined (completed) tunnel is 
displaced upwards as the tunnel is advanced.
Figure 6-39 to Figure 6-41 summarises the longitudinal displacements predicted 
ahead of the advancing tunnel at monitoring section MS3. Figure 6-39 shows the 
longitudinal displacement profiles on the tunnel centreline (inclinometer profile) with
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the top heading 5.6 m and 0 m from the monitoring section. Figure 6-40 shows the 
longitudinal displacement profiles obtained at the three deflectometer positions before 
the' respective portion of the tunnel is advanced past the monitoring section. This 
implies that the data for Deflectometer 1 is shown with SEC6 completed and the data 
for Deflectometers 2 and 3 with SEC7 completed. Figure 6-41 shows the 
development of the longitudinal displacements at the tunnel centreline for the three 
deflectometers as the tunnel approaches the monitoring section. From the figures it is 
evident that the magnitude of the longitudinal displacement was highly dependent on 
the soil model being used. The maximum displacement recorded, for example, varied 
from approximately 12 mm to 28 mm. The displacement patterns, however, did not 
vary that significantly. The exceptions are the near surface longitudinal 
displacements predicted along the tunnel centreline with the ANTE- and INNEPP soil 
models. The INNEPP-model predicted more near surface displacement initially 
(SEC3), but these displacements did not increase when the tunnel was advanced 
further. The ANLE-model predicted a much more uniform displacement pattern, 
with virtually no increase in displacement over the first couple of metres depth.
From the results obtained fi*om both the 2D and 3D analyses it can be concluded that the 
material model has a significant influence on the prediction of the magnitude and patterns 
of displacements. In order to comment on the realism of the predictions using the 
different soil models it is necessary to compare the results with field measurements. This 
is done and discussed in Section 7.4.
6.4.5 Construction process and details
A series of 2D and 3D analyses were conducted to investigate the various alternatives 
available for modelling the NATM tunnel construction process and details. Firstly, the 
2D analyses that were conducted are presented. Secondly, the 3D analyses are presented. 
Finally, the results of the 2D and 3D analyses are compared.
i) 2D analyses
NATM tunnels are usually advanced by dividing the tunnel face into a number of sections 
(for example top heading, bench and invert) and it is relatively easy to model the
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construction of such a tunnel by ‘constructing’ these sections individually in the analysis. 
In Figure 6-42 the surface settlement profiles obtained when modelling the excavation of 
the tunnel as a whole and in a stepwise fashion with a INLE-model and a INNEPP-model 
are shown. From the figure it is evident that the final settlement profiles obtained with the 
two approaches may differ significantly. The maximum settlement predicted when the 
tunnel was excavated full-face was 24% more than that predicted when excavating the 
tunnel in sections for an INNEPP-model. The reduction in surface settlement when 
modelling the construction of the sections individually is to be expected since the portion 
of the lining installed will support the ground when constructing the other sections and 
therefore reduce ground deformation.
The other aspect that must be considered when modelling the tunnelling problem in 2D is 
the point at which the lining is introduced. The two options available are either to wish 
the lining in-place or to adopt a sequential approach. When the lining is wished-in-place 
it is installed at the same time as the tunnel elements are removed from the mesh. The 
ground is therefore not allowed to deform prior to installing the lining. With a sequential 
approach the tunnel elements are removed in one step and the lining is installed in the 
next step. The ground is therefore allowed to fully deform before the lining is installed. 
In reality stresses are distributed ahead of the tunnel and backwards onto the completed 
lining. A 2D analysis does not take this redistribution of stresses into account. One of the 
methods typically used to account for some of this redistribution of stresses (see 
Chapter 2) is to allow only a percentage of the loading, resulting from removing the tunnel 
elements, to take place prior to installing the lining. The percentage unloading allowed i^ 
typically selected to match a predetermined volume loss. A series of analyses were 
conducted modelling tunnel construction by excavating the whole tunnel and the top 
heading, bench and invert separately for all three of the approaches of introducing the 
tunnel lining. With the third approach 50% of the load was applied before the lining was 
installed. The analyses were conducted with an INLE-model and an INNEPP-model and 
the predicted surface settlement profiles are shown in Figure 6-43.
The results in Figure 6-43 show that the approach used for modelling the construction of 
the tunnel lining has a significant effect on the predicted displacements. The extremes are 
presented by the full face advanced (abbreviated 1S in the figure) wished-in-place analysis
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and sequential constructed analysis. With a wished-in-place approach a significant 
amount of ‘heave’ was predicted above the tunnel. As discussed in the previous 
paragraphs the 3-step (abbreviated 3S in the figure) analysis predicted less displacement 
than the corresponding 1-step analysis. As expected, when only 50% unloading is 
allowed, the predicted settlement profile lies somewhere between the wished-in-place 
analysis and the sequentially constructed analysis. For the INNEPP-model this surface 
settlement profile was however closer to the wished-in-place prediction than the 
prediction using a sequentially constructed approach.
From the results obtained with the 2D analyses it can be concluded that the way in which 
the construction process and details are modelled has a significant effect on the 
predictions.
ii) 2D analyses
When modelling the tunnel construction in 3D the construction sequence can be modelled 
to different degrees of detail. To investigate the effect of this, three types of analyses were 
conducted namely
• excavating the entire 29 m long tunnel in one step,
• excavating the tunnel in 16 steps (as shown in Figure 6-3), and
• excavating the tunnel in 75 steps (as shown in Figure 6-2)
Furthermore, the construction of the lining can again be modelled as wished-in-place or 
sequentially constructed. Six 3D analyses using a INLE-model were therefore conducted* 
to investigate the effect of modelling the construction sequence and details differently.
The results of the 3D analyses are presented in Figure 6-44 to Figure 6-49 and comprise 
the following:
• In Figure 6-44 the deformations of the tunnel excavation obtained with the different
analyses are shown. The figure shows that modelling the tunnel lining as wished-in- 
place restricted the deformation of the tunnel excavation, and using more steps 
increased the magnitude of the deformations. The two extreme predictions are 
presented by the two analyses were the tunnel is modelled as 1-step wished-in-place 
and 1-step sequentially constructed. Also interesting to note is that there is no
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significant difference between the deformations predicted at monitoring sections MS 1 
and MS3 for the analyses adopting a sequential approach. When the lining is 
modelled as wished-in-place the difference between the deformations predicted at 
monitoring sections MSI and MS3 is much more significant.
The predicted surface settlements in the longitudinal and transverse directions are 
shown in Figure 6-45 and Figure 6-46 respectively. The transverse settlements are 
those predicted at monitoring section MS3 with the tunnel top heading directly 
beneath the monitoring section and advanced 14.8 m past the monitoring section. 
Inspection of these results reveals two aspects of interest. Firstly, the difference 
between modelling the tunnel lining as wished-in-place or sequentially constructed is 
less than would have been expected. Even when modelling the lining as sequentially 
constructed the surface settlement profiles were closer to the l-step wished-in-place 
prediction than the 1-step sequentially constructed prediction. Secondly, increasing 
the number of construction steps for a sequentially constructed approach from 16 
steps to 75 steps increased the maximum displacements atiMS3 by approximately 
42%, but when this difference is viewed relative to the range of displacements 
obtained, it is not that significant.
The predicted vertical displacements at different depths on the centreline above the 
tunnel are shown in Figure 6-47 with the tunnel beneath the monitoring section and 
advanced its full length. From the figure it is evident that with the tunnel at the 
monitoring section, for the sequentially constructed lining, the displacement is 
towards the tunnel with very little displacement at surface. For the analyses with the 
tunnel wished-in-place the general trend was however for the soil to be displaced’ 
upwards, although to a lesser degree immediately above the tunnel. As the tunnel is 
advanced past the monitoring section the trend for all the analyses was for the soil to 
be displaced upwards, i.e. the completed tunnel move up. For the 16-step and 75-step 
wished-in-place analyses the material in a zone above the tunnel was compressed 
slightly more than at surface.
The longitudinal displacements vertically along the tunnel centreline and horizontally 
at the level of the three deflectometers are shown in Figure 6-48 and Figure 6-49 
respectively. The longitudinal displacements vertically along the tunnel centreline are 
shown with the tunnel 5.6 m and 0 m away from the monitoring section, while the 
longitudinal displacements at the level of the three deflectometers are shown just
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before the tunnel is advanced past the instrumentation section. From the figures it is 
evident that while modelling the lining as wished-in-place or sequentially constructed 
makes a difference to the magnitude of the displacement, the difference between 
modelling the construction sequence in 16 steps or 75 steps was small.
From the analyses conducted to investigate the effect of modelling the construction 
sequence and details in 3D the following can be concluded:
• The difference between modelling the tunnel lining wished-in-place and sequentially 
constructed diminishes when the number of steps used to model tunnel construction is 
increased. In the extreme when very small sections are excavated at a time almost all 
the displacement would be solely due to the deformations of the unsupported tunnel 
face (face-take) and the ‘heave’ effect due to unloading. Even so, it is somewhat 
surprising that the wished-in-place and sequentially constructed results, when the 
tunnel is constructed in 75 steps, are so close. It is believed that this could be due to 
the soil model being used.
• Although there were differences between modelling the tunnel construction in 16 
steps and 75 steps, for the soil model used, these were not very large. Specifically, 
the displacements ahead of the tunnel heading did not differ significantly.
Hi) Comparison o f 2D and 3D analyses
Modelling the tunnel construction in 2D limits the degree to which construction detail can 
be replicated. Various techniques have been developed to reduce this problem and are, 
discussed in Chapter 2. They basically involve either changing the initial stress state 
and/or the stiffness of the material prior to ‘excavating’ the tunnel, or allowing only a 
percentage of the stresses or deformations resulting from tunnel excavation to be removed 
prior to installing the lining. It will be shown in this section that obtaining data to apply 
the approach based on the first method is difficult. Some analyses were therefore 
conducted to evaluate the second method only. For this purpose 2D analyses were carried 
out, allowing the unloading of 50% of the stresses resulting from removing the tunnel 
elements prior to installing the lining. The figure of 50% unloading was selected based on 
the fact that 50% of the surface settlement typically occurs ahead of the tunnel (Atkinson 
and Mair (1981)). In this section the results obtained with 2D, 3D and 2D analysis
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allowing 50% unloading, are presented. For all the analyses an INNEPP-model was used. 
The 3D analysis was conducted with 16 construction steps (see Figure 6-3) and modelling 
the lining as being sequentially constructed.
The 2D and 3D results are compared in Figure 6-50 to Figure 6-53 and comprise the 
following:
• In Figure 6-50 the deformation of the tunnel excavation and the displacement of the 
tunnel lining are shown. From the results it is evident that there is a significant 
difference between the deformation of the tunnel excavation for the 2D plane strain 
analysis and the 3D analysis. Allowing only 50% unloading reduced the deformation 
and for the material model used it resulted in less deformation than predicted for the 
3D analysis. Inspection of the predicted displacements of the tunnel lining shows that 
the lining displacement of the 2D analysis with 50% unloading was more than 
obtained for the 3D analysis. It should however be noted that the displacement of the 
lining in the bench was negligible (the same as for the invert when completing the 
lining ring) because the construction sequence used for the 3D analysis meant that 
two top heading sections (separated by 3 advances from the bench sections), two 
bench sections and a double invert were constructed simultaneously (see Figure 6-3).
• In Figure 6-51 the predicted surface settlement troughs are shown. Again it is 
obvious that there is a significant difference between the result obtained with the 
conventional 2D plane strain analysis and the results obtained with the other two 
analyses. The shape of the settlement trough predicted with the 3D analysis and that 
predicted with the 2D analysis with 50% unloading is very similar. It might therefore’ 
be possible to match these two results by using a different percentage unloading.
• In Figure 6-52 and Figure 6-53 the vertical displacements along a vertical section on 
the tunnel centreline and the horizontal displacements horizontally along the tunnel 
axis are shown respectively. The data for the 3D analysis represent the predictions at 
monitoring section MS3. Also shown in Figure 6-52 are the vertical displacements 
predicted at the position of Extensometer 2 approximately 6.5 m from the tunnel 
centreline. From these results it is evident that the conventional 2D analysis predicted 
significantly larger displacements than the other two analyses. It predicted, for 
example, approximately 4 times larger vertical displacement near the tunnel crown. 
The predictions obtained with the 2D analysis with 50% unloading were of a similar
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magnitude than the 3D predictions, but the patterns of displacement differed 
somewhat. With the 3D analysis the displacements appeared to be more concentrated 
around the tunnel excavation.
From these results it can be concluded that there generally is a significant difference 
between 2D plane strain and 3D predictions. Introducing an approximation such as only 
allowing 50% unloading before introducing the lining made the 2D and 3D results 
comparable. There still were, however, differences in the predicted displacement patterns. 
It therefore appears that by changing the percentage unloading it would be possible to 
match some of the aspects of the 3D prediction, but there would still be differences. A 
decision to use an adapted 2D analysis would therefore depend on the purpose of the 
analysis.
6.5 Summary
In this chapter the influence of various assumptions and simplifications associated with 
the finite element technique have been investigated by conducting several numerical 
experiments, both with 2D and 3D meshes. From the results obtained the following can 
be concluded:
• Analyses conducted with a fine and coarse mesh and three different element types 
showed that these can have a significant effect on predictions. The effect of using a 
coarser mesh is illustrated by the spread of results obtained when using different 
element types. The magnitude of the surface settlement at the tunnel centreline, as 
well as the magnitude of the volume loss, can differ by as much as 50% when using 
for example 8-noded quadrilaterals with full and reduced integration respectively. In 
contrast, for the fine mesh both the magnitude of the volume loss and the shape of the 
surface settlement profiles were approximately the same for all three the element 
types. It was therefore concluded that, provided the mesh is fine enough, the type of 
element used does not have a significant influence on the predictions.
• Both 2D and 3D analyses were conducted to investigate the placement of boundaries 
and showed that the position of boundaries had a significant influence on the 
predicted far-field displacements. It was, for example, shown that to reduce 
settlements at the transverse far-field boundary to zero the boundary had to be placed
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between 150 and 200 m from the tunnel centreline. This would however result in an 
unrealistically wide settlement trough. The position of the boundaries did not have a 
significant effect on the prediction of the deformations immediately around the tunnel 
excavation. Approximately the same volume loss was predicted for analyses with the 
far-field boundary in a transverse section placed at 30 m and 60 m from the tunnel 
centreline respectively. It was therefore concluded that for the predictions of ground 
displacements around the tunnel heading the position of boundaries is not significant 
provided they are placed sufficiently far away from the turmel (e.g. using the 
guidelines provided by Gunn (1993)).
2D and 3D analysis conducted to investigate the effect of the initial stress state and 
the material model on the predictions showed that both these aspects had a significant 
influence on the predictions. Modelling the construction details also had a significant 
influence on predictions, but less so for 3D analyses. The effects of these factors are 
however discussed in more detail in Chapter 7.
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Figure 6-1 Geometry of the boundary value problem used for the majority of the 
finite element analyses.
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Figure 6-4 Soil and ground water conditions.
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Figure 6-5 Undrained shear strengths determined from 38 mm and 100 mm triaxial 
tests and the self-boring pressuremeter at Terminal 4 site. Also shown is 
the shear strength profile used for the finite element analyses.
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Figure 6-6 Undrained secant stiffness determined from triaxial tests with local strain 
measurements plotted against axial strain (Heymann (1998)). Also shown 
is the equation (after Jardine et a l (1986)) adopted for the finite element 
analyses.
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Figure 6-7 Undrained secant stiffnesses determined from triaxial tests with local 
strain measurements (from site investigation and Heymann (1998)), as well 
as the results obtained from the self-boring pressuremeter tests. Also 
shown are the vertical and horizontal profiles adopted.
6-44
Coefficient of earth pressure at rest, K@
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Heymann 
A  SBP T4 
 Analysis
Figure 6-8 Ko-values determined from pressuremeter tests conducted at the 
Terminal 4 site and determined from mean effective stresses obtained 
from triaxial tests (Heymann (1998)). Also shown is the best estimate for a 
Ko-proflle.
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Figure 6-9 (a) Coarse mesh and (b) fine mesh used to investigate the effect o f mesh
discretisation on finite element analyses.
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Figure 6-10 Surface settlement profiles obtained for analyses conducted to investigate 
the effect of mesh discretisation using (a) an isotropic homogeneous linear 
elastic material model and (b) an isotropic homogeneous linear elastic 
perfectly plastic material model.
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Figure 6-11 Surface settlement profiles obtained to investigate the position of 
boundaries in two dimensional plane strain analyses using an (a) isotropic 
homogeneous linear elastic soil model and (b) isotropic homogeneous 
linear elastic perfectly plastic soil model.
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Figure 6-12 (a) Surface settlement profiles predicted with the elasto-plastic analyses 
with the ‘residual’ settlement subtracted, (b) The inverse of the mesh 
width plotted against the settlement predicted at the far-field boundary for 
both material models.
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Figure 6-13 Transverse surface settlement profiles recorded at (a) monitoring section 
MSI and (b) monitoring section MS3, with the tunnel top heading 
advanced 14.2 m and 29 m for meshes with a length of 40 m, 60 m and 
100 m.
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Figure 6-14 Longitudinal surface settlement profiles predicted as the tunnel is 
advanced for (a) a 60 m long mesh and (b) a 100 m long mesh.
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Figure 6-15 Deformation of tunnel excavation after completion of 115,16 recorded at 
monitoring section MS3 for a 60 m and a 100 m long mesh respectively.
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Figure 6-16 Longitudinal ground displacement predicted for the inclinometer at 
monitoring section MS3 after completion of THIS for a 60 m and a 100 m 
mesh respectively.
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Figure 6-17 Two-dimensional plane strain finite element mesh used.
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Figure 6-18 3D finite element mesh used.
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Figure 6-19 Surface settlement profiles obtained with 2D plane strain analysis and 3D 
plane strain analysis.
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Figure 6-20 Ko profiles used to investigate the effect o f  initial stress conditions.
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Figure 6-21 Surface settlements predicted using different Ko profiles and (a) an 
isotropic non-homogeneous linear elastic and (b) an isotropic non- 
homogeneous linear elastic perfectly plastic soil model.
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Figure 6-22 Deformation of the tunnel excavation predicted using different Ko profiles 
and an isotropic non-homogeneous linear elastic perfectly plastic material 
model.
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Figure 6-24 Longitudinal surface settlement profiles predicted with three different Ko 
profiles and (a) SEC6 completed and (b) SEC14 completed.
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Figure 6-25 Transverse surface settlement profiles predicted using different Ko profiles 
and recorded at monitoring section MS3 with (a) SEC6 completed and 
(b) SEC14 completed.
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Figure 6-26 Deformation of tunnel excavation predicted using different Ko profiles and 
recorded at monitoring sections (a) MSI and (b) MS3 with the invert 
completed at the respective monitoring sections.
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Figure 6-27 Vertical deformations predicted above the tunnel centreline at monitoring 
section MS3 for different K q profiles with (a) SECT completed and
(b) SEC14 completed.
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Figure 6-28 Results obtained from a single element tests to evaluate the 
implementation of the non-linear stress strain response in ABAQUS.
(a) the predicted load displacement curve and (b) the calculated stiffness 
at various strain levels.
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Figure 6-29 Calculated variation of stiffness with deviatoric strain for three elements 
around the tunnel top heading for a 2D analysis. Also shown are the 
design curves.
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Figure 6-30 (a) Surface settlements and (b) deformation of tunnel excavation predicted 
using small increments for top heading (TH_A11), bench (B_A11) and invert 
(I_A11) and small increments only for the excavation of the top heading 
(TH lStep; B lStep; I lStep).
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Figure 6-31 Calculated variation of stiffness with deviatoric strain for three elements 
around the tunnel top heading for a 3D analysis. Also shown are the 
design curves.
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Figure 6-32 (a) Surface settlement profiles and (b) deformed tunnel excavations 
predicted using different material models with a serious of 2D analyses.
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models and recorded at monitoring sections (a) MSI and (b) MS3 with the 
invert completed at the respective monitoring sections.
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Figure 6-34 Longitudinal surface settlement profiles predicted with different material 
models with tunnel construction as follows: (a) SËC6 completed and
(b) SEC14 completed.
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models and recorded at monitoring section MS3 with tunnel construction 
as follows: (a) SEC6 completed and (b) SËC14 completed.
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Figure 6-36 Vertical displacements predicted above the tunnel centreline at monitoring 
section MS3 with different material models and tunnel construction as 
follows: (a) SEC6 completed, (b) SEC8 completed and (c) SEC14 
completed.
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Figure 6-39 Longitudinal displacement profiles predicted with different material 
models at monitoring section MS3 (tunnel centreline) with tunnel 
construction as follows: (a) SEC3 completed and (b) SEC6 completed.
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heading, bench and invert sequence in 2D with (a) an INLE-model and
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INLE-model and (b) an INNEPP-model.
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7. DISCUSSION
The purpose of this research has been to measure and interpret ground deformation 
patterns around a NATM tunnel heading, and to evaluate the use of finite element 
modelling for the prediction thereof. In previous chapters the research work conducted to 
achieve the objectives of the research has been presented. In this chapter the results of the 
research are discussed to illustrate how the objectives were met.
7.1 Monitoring ground deformations
The NATM tunnelling philosophy recognises that the redistribution of stresses around a 
tunnel heading mobilises the inherent strength of the ground, and is based on the principle 
of allowing controlled ground deformations to achieve this. The relationship between 
deformations, stress redistribution and the mobilised strength of the material around the 
tunnel heading is therefore very important, but methods for analysing this complex soil- 
structure interaction problem are not yet well developed. NATM has therefore 
traditionally relied heavily on instrumentation for the verification and, where possible, 
reduction of support during construction. Traditionally tunnel convergence (using tape 
extensometers) and the settlement of the tunnel crown (using precise levelling) are 
monitored and used to control the design of the support (Schubert and Vavrovsky (1994)).
When NATM is applied to shallow tunnels in soft ground in urban areas, it is no longer 
feasible to allow ground deformations in order to mobilise the ground’s strength. The 
emphasis is rather on preventing ground deformation by installing a stiff support system 
(typically a shotcrete lining) as soon as possible after excavation. The support is typically 
designed for full overburden pressure and, although a detailed monitoring system generally 
still forms part of tunnel construction, the purpose of the monitoring system is different. It 
is essentially used to verify design assumptions and the adequacy of the construction 
process, rather than to allow the design of the support to be optimised during construction. 
Instrumentation typically forming part of such a monitoring programme includes (Clayton 
etal{\999h))\
• precise levelling for monitoring settlements at the ground surface or of existing 
structures.
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• multiple-rod extensometers to measure the vertical ground displacements around the 
tunnel heading,
• inclinometers for the monitoring of horizontal ground displacements (usually at 
transverse sections),
• piezometers for the measurement of pore pressures around the tunnel,
• tape extensometers or three dimensional displacement monitoring to measure the 
deformation of the tunnel lining, and
• pressure cells to monitor the stresses in and on the tunnel lining.
For the construction of the Heathrow Terminal 4 station tunnels all of these instruments, 
with the exception of inclinometers, were used as part of the routine monitoring 
programme. This thesis focuses specifically on displacements. The instrumentation used 
for measuring displacements, namely precise levelling, multiple-rod extensometers and 
three dimensional displacement monitoring of the lining, has been discussed in Chapter 5.
The precise levelling and multiple-rod extensometers fulfilled their intended purpose. The 
repeatability of the precise levelling was generally of the order ±0.5 mm and was seldom 
worse than ±1.0 mm. The extensometer heads were referenced as part of the precise 
levelling programme and their precision was therefore largely controlled by the precise 
levelling and was of a similar magnitude. The soundness of the extensometer installation 
had a more significant influence on the performance of the extensometers than the 
precision of the measurements. At one of the extensometer installations, displacements at 
two different depths were almost exactly the same, which suggests that the installation was 
faulty. Furthermore, the displacements measured at the bottom extensometers (just below 
the tunnel invert) showed a significant scatter which cannot be explained satisfactorily and 
may again be the result of installation problems. Overall the precise levelling and multiple- 
rod extensometers performed adequately and can be used with confidence as part of a 
routine NATM monitoring programme.
The three dimensional displacement monitoring of the tunnel lining using a total station and 
optical targets formed an essential part of the monitoring system at Terminal 4 and was the 
primary method used for evaluating the behaviour of the lining and the construction 
process (Powell et al. (1997)). Because this method of monitoring lining deformation
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causes significantly less disruption to the construction process than conventional tape 
extensometers, it nowadays appears commonplace to use this instrumentation for 
monitoring the deformation of the lining in NATM tunnelling. Geodata, the supplier of the 
system used on the Heathrow Express project, quotes a typical repeatability of ±1.0 mm 
for absolute co-ordinates within a range of 80 m. This implies that the repeatability with 
which convergence can be calculated from the survey data would be of the order ±2.0 mm 
which is significantly poorer than the repeatability that can be obtained with a typical tape 
extensometer (typically 0.1 mm convergence over a gage length of 10 m). Given this level 
of repeatability serious consideration should be given to the adequacy of this system for 
monitoring the performance of a sprayed concrete lining.
The performance of the three dimensional displacement monitoring during the construction 
of the Terminal 4 station tunnels was disappointing. Under ideal conditions, i.e. 
monitoring the absolute displacements of the stable lining when no construction activity 
was taking place, the precision of the system suggested by the supplier and also quoted in 
the literature (for example Schubert and Vavrovsky (1994)), proved to be attainable 
although only over distances of up to 30 m. During construction, the method used for 
calculating ‘stable’ reference points, however, influenced the precision of the system. As 
the tunnels were advanced away from the ‘stable’ part of the station construction, the 
precision of the measurements deteriorated (see Figure 5-10) and was as poor as ±3.0 mm 
over ranges that typically did not exceed 30 m. Another aspect of the system that was 
disappointing was its reliability. Optical targets were frequently damaged and made further 
readings at the control point useless. Only at 30% of the 24 monitoring sections in the 
downline tunnel, for which data were available, were meaningful results for at least 4 of the 
6 control points available (see Section 5.3.2).
In addition to the routine monitoring, this research used chain deflectometers and 
inclinometers to measure ground displacements in front of the advancing concourse tunnel. 
The purpose of the additional monitoring was to obtain a high quality data set of ground 
displacements ahead of an NATM tunnel in order to enhance understanding of the 
behaviour of the tunnel heading and serve as a data set against which numerical predictions 
can be benchmarked. It was the first time that chain deflectometers were used for this 
purpose.
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Laboratory experiments showed that the accuracy of the chain deflectometer for measuring 
absolute position was not as good as expected and probably of the order of 25 mm. The 
experiments however also showed that the accuracy of displacement measurement was 
better than about 1 mm. Since displacement rather than position was the quantity that was 
of primary interest, this was considered highly satisfactory. Similarly the performance of 
the inclinometer system during monitoring was very satisfactory. The horizontal 
displacement on the tunnel centreline measured in the transverse direction at 
inclinometer 1, for example, (expected to be zero) fell into a range of -1 mm to +2.5 mm 
during the entire monitoring programme (see Figure 5-27).
Comparison of the results obtained with the deflectometers and inclinometers respectively 
showed that they agreed reasonably well (see Figure 5-37). The maximum displacements 
were of the same magnitude. The exception is the displacements measured at the bottom 
deflectometer where the inclinometer recorded significantly larger displacements than the 
deflectometer (see Figure 5-37(c)). The possible reasons for these differences were 
discussed in Chapter 5, and were attributed to the different stiffnesses of the grout used for 
the two instrumentation systems, and the boundary conditions (i.e. the adjacent platform 
tunnels).
This research showed that chain deflectometers could successfiilly be used to measure 
horizontal ground displacements when installed horizontally. In addition the deflectometer 
also measures vertical displacements. It, however, requires access for installation and at 
Terminal 4 this was available through the completed platform tunnels. Although access 
may be a limitation in other cases the use of deflectometers should be considered where 
possible. They, for example, provide an alternative to electrolevels when measuring the 
deformation of an existing structure during the construction of a new tunnel in close 
proximity, and have the advantage that they measure displacements simultaneously in two 
planes.
Inclinometers, installed to the side of a tunnel, have in the past been used to measure 
horizontal displacements towards a tunnel as it passes. This research showed that
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installing sacrificial inclinometers ahead of the tunnel could also provide useful 
information.
7.2 Ground displacement patterns around an NATM tunnel heading
The field measurements obtained from the routine monitoring programme, as well as the 
additional ground deformation monitoring, were used to estimate typical ground 
displacement patterns around the NATM tunnel headings.
7.2.1 Surface settlements
Surface settlements are routinely monitored on the majority of tunnelling projects, 
specifically in the urban environment. There is therefore an extensive database of surface 
settlement records and this has been used to show that a Gaussian distribution curve 
accurately describes the shape of the transverse surface settlement profile (see for example 
Peck (1969a), O’Reilly and New (1982)). Assuming that the transverse surface settlement 
profile is described by a Gaussian distribution implies that the longitudinal surface 
settlement profile takes the form of a cumulative probability function. This was 
investigated by Attewell and Woodman (1982) who generally confirmed that this is indeed 
the case. They further concluded that when no face support is used, approximately 50% of 
the displacements at the surface occur ahead of the tunnel. These findings are now widely 
accepted in the tunnelling industry and used during the design of tunnelling works.
Figure 7-1 shows the surface settlement profiles with the top heading at least 15 m past the 
monitoring section for each of the transverse cross sections discussed in Chapter 5 and 
shown in Figure 5-30. The settlement profiles are representative of the total initial 
settlement profile. Also shown in the figure are the empirical settlement profiles described 
by a normal distribution curve and calculated using Equation (2-4).
The empirical settlement profiles were calculated using the measured maximum settlement 
at each section for Smax and i was calculated with the trough width parameter K  equal to 
0.5 (see Equation (2-4)). In Figure 7-1(b) both the measured and empirical settlement 
profiles after the passage of the downline tunnel and upline tunnels are shown. The 
empirical settlement profiles were calculated based on a single tunnel passing. Also shown
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in the figure is the cumulative settlement profile, obtained by adding the two individual 
profiles. The correlation between the empirical and measured settlement profiles is good 
and shows that, despite the complicated site conditions and stress history at the site, the 
transverse surface settlement profiles of all three tunnels could be described by a Gaussian 
distribution.
Of particular interest is the result shown in Figure 7-1(b). Mair and Taylor (1997) have 
suggested that when constructing adjacent tunnels it is commonly assumed that ground 
movements that would have occurred for each individual tunnel can be superimposed. 
Mair et al. (1996) suggested that the principle of superposition is only valid if the tunnels 
are separated by at least one tunnel diameter. Case histories reported in the literature (see 
Section 2.2.2(77/)) suggest that when tunnels are constructed in close proximity, which 
includes tunnels separated by more than one tunnel diameter, the settlements caused by the 
construction of the second tunnel is difficult to predict and settlements calculated by 
superimposing the settlement troughs for two single tunnels, under-predict the measured 
settlements. Surface settlements measured during the construction of the upline and 
downline platform tunnels (see Figure 7-1(b)), separated by a distance of approximately 
two tunnel diameters, suggest that the settlement recorded during the construction of the 
second tunnel was of a similar magnitude to that recorded during the construction of the 
first tunnel. In the time period between the two measured settlement profiles, additional 
settlement of approximately 2 mm occurred on the downline tunnel centreline. It is not 
clear if this settlement was due to the construction of the adjacent upline tunnel or to other 
factors discussed in Chapter 5. The data therefore suggest that at this separation the 
construction of the first tunnel did not significantly influence the settlements caused by the 
second tunnel and that the principle of superposition holds.
No data were available to assess what effect the construction of the platform tunnels had 
when the concourse tunnel was constructed, because the majority of the adjacent platform 
tunnels were constructed prior to suspending construction of the NATM tunnels at 
Heathrow. No data were available for the period prior to the collapse. It should also be 
noted that a time period of approximately 2 years lapsed between the construction of the 
adjacent platform tunnels and the concourse tunnel. However, settlement patterns 
recorded during the construction of the concourse tunnel, which is only separated by a
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distance of approximately half a tunnel diameter from the platform tunnels, were not 
significantly different to those measured during the construction of the other sections of 
the platform tunnels.
Figure 7-2 shows the longitudinal surface settlement profile obtained with the downline top 
heading at chainage 82.2, and the tunnel therefore having been progressed for a distance of 
55 m. Also shown in the figure is the empirical displacement profile described by 
Equation (2-6) and calculated using a maximum settlement of 14 mm. From the figure it is 
evident that there is a good correlation between the measured displacement profile and the 
empirically calculated profile.
Comparison of the field measurements with the empirical relationships shows an interesting 
phenomena which has also been reported by Shirlaw et ah (1988), namely the occurrence 
of a small amount of heave ahead of the tunnel. The magnitude of the heave was about 
1 mm, which is similar to the precision of the precise levelling. It could therefore be 
attributed to measurement noise or even the compensation grouting conducted at 
Terminal 4. It is however believed that it is real and a possible explanation could be the 
passive failure of the ground ahead and above the tunnel, which was illustrated by the finite 
element modelling (discussed in Chapter 6). Shirlaw et al. (1988) did not suggest a 
possible explanation for this observation.
The field measurements obtained during the construction of the Terminal 4 platform and 
concourse tunnels therefore generally confirmed the surface settlement patterns reported in 
the literature. Figure 7-1 and Figure 7-2 show that the normal distribution curve and the 
cumulative probability function can be used to describe the measured transverse and 
longitudinal surface settlement profiles respectively once the volume loss and width of the 
settlement trough are assumed. This is despite the complex site conditions and stress 
history at the Terminal 4 site, and again confirms the wide applicability of this empirical 
approach. Based on the empirical approach the relative volume loss during the concourse 
tunnel construction is calculated to have been of the order of 0.8% and that of the platform 
tunnels of the order of 0.5% to 0.6%.
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An aspect that is less frequently reported in the literature is the actual development of the 
displacement patterns. From the field measurements at Terminal 4 the following general 
conclusions were drawn regarding the development of the surface settlements:
• Vertical displacement was first recorded when the top heading was a horizontal 
distance of approximately 15 m away from the control point. This equates to between 
1.5 and 2 times the tunnel diameter and is slightly less than the depth to the tunnel 
axis.
• By the time that the top heading reached the control point, approximately 50% of the 
total initial settlement had taken place. Closing of the invert did not result in a sudden 
decrease in the rate of deformation and typically 25% of the total initial settlement 
occurred after the invert had been closed.
• Settlement rates reduced significantly, but did not completely stop, once the tunnel 
had been advanced a horizontal distance of about 13 m past the control point. The 
initial total settlements therefore developed while the tunnel was advanced a distance 
of about 28 m.
• Settlement following the passage of the tunnel continued over the entire monitoring 
period. The data suggest that this rate of continued settlement decreased once the 
tunnel was completed. Probable causes for this continued settlement include the effect 
of advancing the tunnel itself, other construction activities and/or creep and 
consolidation settlements.
7.2.2 Subsurface ground displacements
Ground displacement patterns obtained from field monitoring are routinely used to 
evaluate the predictions obtained from numerical modelling of the tunnelling problem, but 
may also be used to improve understanding of the soil structure interaction problem at the 
tunnel heading. Subsurface displacements are typically recorded in a transverse plane with 
vertical displacements being obtained using, for example, extensometers and horizontal 
displacements recorded using, for example, inclinometers. These displacement patterns are 
useful for comparison with 2D predictions, but for the benchmarking of 3D numerical 
analyses the displacement patterns in the longitudinal direction are also required. These 
are seldom measured, and when Mair and Taylor (1993) evaluated their plasticity solutions 
for the predictions of ground displacements around a tunnel heading, the only data set
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apparently available with which to compare the displacements predicted ahead of a tunnel 
was for an underground chamber reported by Ward (1969). Mair and Taylor (1997) 
concluded that although 3D numerical modelling of the tunnelling problem was on the 
increase, there was a lack of reliable field measurements for the benchmarking of numerical 
predictions.
No horizontal ground displacements (in a transverse plane) were measured during the 
monitoring and it therefore was not possible to obtain the three dimensional displacement 
patterns around the tunnel heading. It was however possible to calculate the component of 
ground displacement in the longitudinal plane ahead of and above the face. The 
inclinometer and deflectometer data were used to estimate the longitudinal displacements 
at different levels and the extensometer and deflectometer results were used to estimate the 
vertical displacements.
The ground displacement vectors obtained were shown in Figure 5-45 and Figure 5-46. 
From the field measurements discussed in Chapter 5 and the displacement vectors shown in 
these figures the following general observations can be made:
• The flow of material around the tunnel heading was generally horizontal in front of the 
tunnel face and predominately vertical above the tunnel.
• There was a general trend of a decrease in the horizontal distance between the tunnel 
face and the instrumentation at which displacement was first detected with an increase 
in depth. For example, while vertical displacements were recorded at the surface 
when the concourse tunnel was approximately 15 m away from the control points, the 
extensometer immediately above the tunnel crown recorded displacements with the 
tunnel a distance of just more than 5 m away from the instrumentation. This trend was 
also evident for both the vertical and longitudinal displacements recorded with the 
deflectometers.
• The longitudinal displacement patterns (see Figure 5-46) indicate that the ground in 
front of the tunnel face deforms in the shape of a dome with the maximum 
displacement approximately at the centre of the excavated area (for example the top 
heading). The maximum longitudinal displacement at the Terminal 4 concourse tunnel 
was of the order of 25 mm to 30 mm.
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• Vertical displacements above the tunnel decreased towards the surface. At Terminal 4 
the settlement approximately 1 m above the tunnel crown was between 1.5 and 1.7 
times that measured at surface.
• The vertical displacement patterns recorded by the top two deflectometer chains at 
both sections showed that when displacement was first recorded, there seemed to be a 
downward movement of the entire deflectometer chain. The magnitude of the 
displacement was relatively small and did not exceed 2 mm. As the tunnel came 
closer, typically to within 3 m of the instrumentation, the middle section of the 
deflectometer chain started to move upwards. This behaviour is best illustrated by the 
result obtained at Deflectometer 2 at the first deflectometer section (see Figure 5-42).
• At Terminal 4 the bottom deflectometer measured vertical displacements (heave) of 
the order 5 to 6 mm when the top heading had passed over the instrumentation.
7.3 Predicting ground displacements around a NATM tunnel
Tunnelling in the urban environment requires that ground displacements be predicted and 
their influence on existing structures, both above and below ground, be assessed. There 
are three methods available for assessing ground displacements caused by tunnelling, 
namely empirical methods, closed-form solutions and numerical modelling.
7.3.1 Empirical methods
The literature shows (as confirmed by the data obtained during the construction of the 
Terminal 4 station tunnels) that for the majority of cases the normal distribution function 
and cumulative probability function adequately describe the shape of the measured surface 
settlement profiles. These empirical relationships are therefore commonly used to predict 
surface settlements caused by tunnelling. They are, however, not truly methods for 
predicting settlements, since the relationships describe only the shape of the settlement 
trough. It is necessary to estimate the extent and magnitude of the surface settlement in 
order to describe its shape with the empirical relationships. For this purpose if is common 
to use the parameter i which defines the extent of the settlement through and the relative 
volume loss Vi which defines the magnitude of the settlements.
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To estimate the parameter / either the relationship proposed by Clough and 
Schmidt (1981), or the trough width parameter K  (O’Reilly and New (1982)), which 
relates the parameter / to the depth of the tunnel axis, can be used. The trough width 
parameter can typically be estimated with reasonable confidence based on previous 
experience in similar materials. The data presented in this thesis supports the view that if 
no experience is available a value of 0.5 for clayey material can probably be used with 
reasonable success.
Estimating the relative volume loss in order to define the magnitude of the surface 
settlements is significantly more difficult. Several empirical relationships have been 
developed which essentially correlate relative volume loss and the stability ratio. These 
relationships are graphically summarised in Figure 2-10, which shows that depending on 
the method that is used a wide range of values is possible. These relationships do not take 
into consideration the tunnel depth or geometry and to overcome these limitations Mair et 
al. (1981) suggested that the relative volume loss should be related to the load factor. 
Macklin (1999) extended the method proposed by Mair and co-workers and proposed a 
linear relationship between load factor and the natural log of relative volume loss. 
Although correlation of the relative volume loss and the load factor seems to be an 
improvement, a significant scatter is still evident for the data shown by Macklin (1999). 
Typically data for London clay suggest a relative volume loss within a range of 1% to 2%.
To illustrate the range of results that may be obtained from using the empirical approach, 
surface settlements were predicted for the concourse tunnel using a range of parameters 
that may reasonably be expected for tunnelling in London clay. Using Equation (2-10) to 
calculate i gives a value of 7.36 m (^  = 0.43) for the concourse tunnel. For London clay 
the trough width parameter K  would typically vary between 0.4 and 0.5, giving i values of 
6.88 m and 8.60 m for the concourse tunnel. These three values were used with relative 
volume losses of 1% and 2% respectively to calculate the surface settlement profiles 
shown in Figure 7-3. From the figure it is evident that these typical London clay 
parameters produce a wide range of results. Maximum predicted settlements vary between 
22 mm and 56 mm. While settlements of approximately 20 mm could still be tolerated by 
some structures, relative settlements associated with a maximum settlement of 56 mm 
would damage most structures. From the figure it is also evident that the influence of the
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range o f  trough width parameters on the predicted settlement troughs is less significant 
than the relative volum e loss.
The empirical approach has also been extended by previous w orkers to  predict subsurface 
ground displacements. For this purpose it is assumed that displacement vectors are 
directed at a point sink, usually located betw een the tunnel axis level and the tunnel invert. 
B ased on this assumption the shape o f  the settlement profiles at different depths can be  
obtained. Estim ation o f  the magnitude o f  the settlement at different depths still appears to  
be a problem, how ever, w ith apparently no m ethod available for quantifying these.
It can therefore be concluded that the normal distribution curve and the cumulative 
probability function can be used to  describe the shape o f  the transverse and longitudinal 
surface settlement profiles caused by tunnelling for a w ide range o f  conditions. To use  
these curves for describing the surface settlem ent profile, it is how ever necessary to  
estim ate the extent and magnitude o f  the settlement trough. A lthough various empirical 
relationships have been developed for the estim ation o f  these, they are probably not more 
accurate than an educated guess. The range o f  values that can typically be expected in, for 
exam ple, L ondon clay, will result in a w ide range o f  predicted surface settlements. In spite 
o f  the limitations o f  the empirical method, it is probably still the method m ost w idely used  
for the prediction o f  surface settlements caused by tunnelling.
7.3.2 Closed form solutions
Closed form solutions have been developed for the prediction o f  both surface and 
subsurface ground displacements and w ere discussed in Chapter 2. They are not 
com m only used as design tools, but may be useful for checking values obtained using other 
m ethods, and have led to  som e insights into tunnel behaviour. The method developed by  
Verruijt and B ooker (1996), for exam ple, has illustrated that the settlem ent curve 
com prises tw o  com ponents, namely that due to  convergence o f  the tunnel and that due to  
ovalisation o f  the tunnel as a result o f  an anisotropic stress state.
M air and Taylor (1 993) discussed the u se o f  plasticity solutions for estim ating the  
displacem ents around a tunnel heading. The radial displacement in a transverse plane can
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be obtained by idealising the tunnel heading as a cylindrical cavity. Assum ing partial 
unloading, it can be show n that the displacement is given by Equation (2 -23 ), namely
w here n defines the fraction o f  the overburden load carried by the lining. Mair and
Taylor (1 9 9 3 ) noted that for L ondon clay n equal to  0.3 and %  equal to  100 gave a
good  fit to  observed data. Assum ing these values, a tunnel radius o f  4  m and an undrained 
vertical shear strength o f  150 kPa for the calculation o f  the stability ratio, the vertical 
displacem ents above the concourse tunnel can be predicted.
Similarly, idealising the tunnel heading as a contracting spherical cavity, Mair and
Taylor (1 993) show ed that the longitudinal displacement in front o f  the tunnel can be  
estim ated using Equation (2 -21), namely
, (0.75V -1)
Assum ing the same parameters as earlier but in this case increasing the undrained shear 
strength by a factor o f  1.6 (to  allow  for anisotropy) and assuming n to  be zero (since no 
support w as provided at the face) w hen calculating the stability ratio, the longitudinal 
displacements can be estimated.
The vertical displacements at a transverse section on  the tunnel centreline and the 
maximum longitudinal displacements horizontally ahead o f  the tunnel on the longitudinal 
axis, predicted using the plasticity solutions are shown in Figure 7-4. It should be noted  
that because the plasticity solutions assum e hom ogeneity and isotropy, the predicted  
displacements are along any line in the transverse or longitudinal planes respectively. A lso  
show n in the figure is the best estim ate o f  the field measurements (using the extensom eter  
and inclinometer data) and the 3D  finite element predictions using a non-linear elastic 
perfectly plastic soil model. For both the field measurements and the finite elem ent results
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the maximum longitudinal displacement profiles are shown with the tunnel about 15 m past 
the measurement positions (see Figure 7-4). The position o f  the line along which the 
longitudinal displacements are predicted for the plasticity solutions therefore differ from  
that used for the field measurements and finite elem ent prediction. In all three cases the 
maximum longitudinal displacements are how ever compared.
From Figure 7 -4  it is evident that the vertical displacem ents estim ated using the plasticity 
solutions com pare fairly w ell w ith the field measurements c lo se  to  the tunnel. The 
plasticity solution, however, significantly under-predicts displacem ents near the surface. 
The major reason for this is probably the assumption o f  isotropy in the plasticity solution. 
From Figure 7-4(b) it is evident that taking into account anisotropy (w ith A  =  1.43) the  
maximum longitudinal displacements are under-estimated by the plasticity solutions. It 
should how ever be noted that the shape o f  the predicted and measured displacem ent 
patterns are similar. The magnitude o f  the predicted displacem ents is very sensitive to  the 
stability ratio used. I f  the stability ratio is calculated using the sam e value for the 
undrained shear strength as for the prediction o f  the vertical displacem ents (i.e. ignoring  
anisotropy), but still assuming n equal to  zero, the predicted longitudinal displacem ents 
closely  match the field measurements. This how ever implies that the vertical and 
horizontal displacements in the transverse plane w ould be the same, which is clearly not the  
case (see  Figure 2-16). It can therefore be concluded that w ith som e manipulation the 
vertical displacements and maximum longitudinal displacem ents can be reasonable matched  
with the plasticity solutions. The plasticity solutions are how ever sensitive to  the input 
parameters used, which is obtained from back-analysis, and the u se o f  these solutions as a 
predictive too l is doubtful.
7.3.3 Numerical modelling
W ith the apparent shift in the tunnelling industry from largely using empirical design  
m ethods to  more theoretically based approaches, the use o f  numerical m odelling  
techniques is becom ing more popular. W ith the rapid developm ent in com puter resources, 
3D  analyses o f  tunnelling problems are also more frequently reported in the literature. It 
therefore appears that numerical modelling now  often form s part o f  the tunnel design  
process.
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Although som e aspects o f  surface settlem ents can be matched using numerical m odelling, it 
is not considered a good  method for predicting surface settlements. Predicted surface 
settlem ent troughs are typically shallower and w ider than observed in the field  
(Gunn (1993), Dasari (1996)), and for the realistic in-situ stress conditions assumed in this 
research, ‘h eave’ w as predicted above the tunnel. Furthermore, significant settlem ents are 
typically predicted at the far-field boundary. The numerical experiments conducted as part 
o f  this research also show ed that the surface settlem ents are significantly influenced by the  
initial stress conditions, the material m odel used and the m odelling o f  construction details.
The u se o f  finite elem ent modelling to  predict ground displacements around a N A T M  
tunnel heading appears to  be more promising and is evaluated in the next section  w hen the 
field measurements are compared w ith the predicted displacements.
7.4 Comparison of finite element predictions and field measurements
In this section the results o f  the 3D  analyses are compared w ith the field measurements 
presented in Chapter 5.
Only selected analyses are compared with the field measurements. The effects o f  different 
initial stress conditions and construction details w ere investigated and reported in 
Chapter 6, but w hen evaluating the effect o f  different material m odels the m ost realistic 
situation w as modelled, namely a Ko profile with a maximum value o f  2, w ith the tunnel 
lining m odelled as sequentially constructed. Only the simplified construction sequence, 
using 16 steps, w as modelled. Furthermore, not all the results obtained w ith  different 
material m odels are compared w ith the field measurements. B ased on  the ground  
displacement patterns determined in Chapter 5 it w as concluded that the analysis using an 
IN N E PP-m odel predicted the m ost realistic displacement patterns. In this section the 
ground displacem ents predicted with the IN N EPP-m odel are therefore compared w ith the 
field measurements. It is, however, realised that w ith the stress anisotropy assum ed it 
w ould  have been m ore realistic to  also include stiffhess anisotropy in the m odel. N o  
analyses w ith an anisotropic non-linear elastic m odel w ere, however, carried out as part o f
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this research. In som e o f  the com parisons the results o f  an analysis w ith an A NLE-m odel 
are shown in an attempt to  illustrate the effect o f  anisotropy.
Prior to  com paring the finite elem ent predictions w ith  the field measurements it is 
important to note that the assumptions and simplifications associated w ith the finite 
elem ent m odelling (discussed in Section  6 .3 .5 ) will have had an influence on the 
predictions. Furthermore the field measurements recorded at different locations also 
show ed som e variations, which could be due to  varying conditions or to  the 
instrumentation itself. The variability o f  the field measurements should therefore also be 
kept in mind w hen comparing these w ith the predicted displacements. Generally the 
displacements measured during the construction o f  the concourse tunnel are compared  
with the finite elem ent predictions, although in som e cases the results recorded during the 
construction o f  the platform tunnels are also used.
7.4.1 Surface settlement
To assess the surface settlem ents predicted w ith the 3D  finite elem ent analysis the  
predicted and measured transverse and longitudinal surface settlement profiles are show n  
in Figure 7-5 and Figure 7-6. The field measurements show n for the transverse surface 
settlement profiles w ere obtained during the construction o f  the concourse tunnel. The 
field measurements shown for the longitudinal settlement profile w ere the only reasonable 
data set obtained from this monitoring, and w as obtained during the construction o f  the 
downline platform tunnel. T w o sets o f  results are show n for the finite elem ent analysis. 
The difference betw een the tw o  sets is that for one o f  them  the results are given relative to  
a base reading taken w hen 4 .6  m o f  the tunnel construction had been m odelled (see  
illustration in figure). This position o f  the tunnel w as selected  for the base reading because  
it represents the first construction section where the lining in the invert is com pleted. It is, 
however, realised that this distance o f  tunnel construction is probably insufficient to  allow  
for com plete redistribution o f  stresses and further analyses (m odelling a sufficient length o f  
tunnel construction) need to  be conducted to  investigate the position o f  the tunnel which  
should be selected as a base reading.
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From the results it is obvious that the predicted surface settlement profiles obtained with  
the IN N EPP soil m odel and a Ko profile w ith a maximum value o f  2 did not match the field 
measurements. This w as also true for all the other soil m odels using the sam e Ko profile. 
N o t only is the m agnitude o f  the surface settlement poorly predicted, but the shape o f  the 
settlem ent profiles are different. U sing the displacements calculated w hen 4 .6  m o f  tunnel 
construction had been m odelled as a base reading improved the shape o f  the predicted  
surface settlem ent profiles slightly. The finite elem ent analyses predicted heave on the 
tunnel centreline and settlement ahead and on either side o f  the tunnel. R easons for these  
poor predictions are explored in Section 7.5.
It can be concluded that, for the initial stress conditions and soil m odels adopted in these  
analyses, the prediction o f  surface settlem ents w as unsatisfactory. One o f  the reasons for 
this is believed to  be the high initial horizontal stresses adopted in the analyses. The fact 
that the material at surface displaces upwards and the material above the tunnel crown  
displaces downwards (see  Section 6 .4 .4 ) suggest that a zone o f  material above and 
extending ahead o f  the tunnel could be failing. To illustrate this, stress paths for an 
elem ent in the tunnel crown at M S 5 are show n in Figure 7-8 w ith the tunnel com pleted to  
M S3, M S5 and M S7 respectively. The invariants used for the plotting o f  the stress paths 
are those defined by Potts and Zdravkovic (1999) and their definition are illustrated in 
Figure 7-7. From Figure 7-8 it is evident that the elem ent reaches the yield surface before 
the tunnel is directly below  the element. This is believed to  result in the ‘h eave’ at surface 
above the tunnel.
The material m odel also influences the predicted surface settlements. During this research  
the effects o f  anisotropy, plasticity and the non-linearity o f  the stress-strain response w ere  
investigated. Introduction o f  a non-linear stress-strain response had a marked effect and 
w as the only material model with which realistic displacement patterns around the tunnel 
heading could be predicted (discussed in next section). It is therefore believed that the 
effects o f  other aspects o f  real soil behaviour, including anisotropy (incorporated into a 
non-linear elastic plastic model), stress reversals and stress path direction, on the 
prediction o f  surface settlem ents should in future be investigated.
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7.4.2 Vertical ground displacements
In Figure 7-9  the developm ent o f  vertical displacem ents at the tw o  multiple-rod  
extensom eters above the tunnel (elevations 111.3 m and 107.3 m) on the centreline are 
show n as the tunnel top  heading approaches and passes monitoring sections M S3 and 
M S5. A lso  show n is the developm ent o f  the settlem ents at the surface. The data are 
show n relative to  base readings taken after 4 .6  m o f  tunnel construction had been  
m odelled.
From the figure it is again evident that the prediction o f  surface settlem ents is poor. W ith  
an increase in depth (i.e. approaching the tunnel) the predictions, how ever, improve. For 
the extensom eter approximately 1 m above the tunnel (level 107.3 m) the developm ent o f  
vertical displacem ents is similar to that observed in the field, namely:
•  displacem ent is first recorded w ith the tunnel top heading betw een 5 m and 10 m from  
the m onitoring section, and
•  approxim ately 50%  o f  the displacement is recorded before the tunnel reaches the 
instrumentation section.
The magnitude o f  the displacements, even 1 m above the tunnel, w as, how ever, smaller 
than observed in the field. Although the soil m odel used could have had an influence on  
this it is believed that the biggest difference betw een the predicted displacem ents and the  
field measurem ents is that the predicted displacements quickly stop on ce the tunnel lining 
in the invert is closed. This effect w as not observed for the field measurements. The field  
measurem ents indicate that after the lining is installed in the top heading, this section  
undergoes a ‘settlem ent’ (vertical translation) o f  the order o f  8 mm (see  Section  5 .4 .2 ), 
which can probably be attributed to the settlement o f  the elephant feet o f  the top  heading  
section. Furthermore, the settlement continues after the invert has been closed , w ith  
approxim ately 25%  o f  the settlement above the tunnel occurring after ring closure. This 
settlem ent can probably be attributed to  creep and possibly the deformation o f  the ‘you ng’ 
shotcrete lining. The settlement o f  the elephant feet, creep behaviour o f  the soil and the  
tim e-dependent stiffhess o f  the shotcrete lining are not reflected in the finite elem ent 
predictions. T hese effects are believed to  account for a significant portion o f  the difference 
betw een  the predicted and measured displacement patterns above the tunnel. It is
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important to note that these factors will also have a significant effect on the predicted  
surface settlements.
In general it can be concluded that the predicted patterns o f  vertical displacem ents c lose  to  
the tunnel w ere comparable with the field measurements and that the observed difference 
can be explained by the factors highlighted above. To im prove the magnitude o f  predicted  
displacements, as w ell as the displacement patterns, the effect o f  introducing the tim e- 
dependency o f  the shotcrete stiffhess, m odelling the settlem ent at the elephant feet o f  the 
top heading section, and using more sophisticated soil m odels taking into account the 
creep behaviour and the effect o f  stress path direction on stiffhess, should be investigated.
7.4.3 Longitudinal ground displacements
The longitudinal displacements predicted vertically along the tunnel centreline and 
horizontally at the position o f  the deflectom eters are com pared w ith  the field  
measurements in Figure 7-10 to  Figure 7-13 . All the results are show n relative to  a set o f  
base readings taken after 4 .6  m o f  tunnel construction had been m odelled. In Figure 7-10  
the measured and predicted longitudinal displacement profiles on the vertical plane passing  
through the tunnel centreline are shown w ith  the tunnel top  heading approxim ately 2  m and 
1 m away from the instrumentation. In Figure 7-11 the developm ent o f  the predicted and 
measured longitudinal displacement at an elevation o f  103.2 m on the tunnel centreline is 
show n as the tunnel approaches. In Figure 7-12  the measured and predicted longitudinal 
displacement profiles at the positions o f  deflectom eters 1, 2 and 3 are shown. Show n in 
brackets in the legend is the distance betw een the tunnel top  head ing, and the  
instrumentation for each data set. In Figure 7-13 the developm ent o f  the predicted and 
measured longitudinal displacements approximately 0.8 m from the tunnel centreline for 
the three respective deflectom eters and inclinometer 4  are shown.
B ecause the results are shown relative to  the base reading, they do not include the initial 
deformation predicted at the start o f  the tunnel m odelling process. Figure 6 -41 , for  
example, show  that the initial longitudinal displacement had a magnitude o f  up to  5 mm  
and is believed to  be due to  the initial redistribution o f  stresses as the first portion o f  the  
tunnel is constructed. N o t including this initial displacement significantly im proved the
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correlation betw een predicted and measured displacem ents and, as discussed in 
Section 7 .5 .1 , is believed to  be justified.
Figure 7 -10  to  Figure 7-13 show  that the maximum displacem ents predicted w ith the 
tunnel c lo se  to  the monitoring sections, using an IN N E PP-m odel, are o f  the same order o f  
magnitude as the field measurements. A s expected when increasing the horizontal stiffhess 
by using an A N L E -m odel the predicted displacements w ere smaller than both those  
predicted w ith the IN N EPP-m odel and the measured displacements. Unfortunately, the 
anisotropic m odel did not include plasticity or the non-linearity o f  the stress-strain  
response, which w ould  again increase the displacement. From  the analyses conducted w ith  
these tw o  material m odels it can, how ever, be concluded that the predicted maximum  
longitudinal displacem ents w ere o f  the same order o f  magnitude or smaller than those  
measured in the field.
From Figure 7-10  and Figure 7-13 it is evident that although the predicted and measured  
maximum longitudinal displacements w ere o f  the same order o f  magnitude, the predicted  
displacement patterns differed fi*om those measured. The measured displacem ent patterns 
show  that the ground deformations w ere more concentrated around the tunnel excavation  
than revealed by the predictions. Furthermore, the measured displacem ents started to  
develop later but on ce they com m enced, developed m ore rapidly than predicted. A s  
discussed in Section  5.3.3 it is postulated that the presence o f  the upline and downline 
platform tunnels had a restraining effect on the ground and that this influenced both the 
inclinometer and deflectom eter measurements (possibly to  different extents). E ven  
accounting for this the deflectom eter measurements indicate that significantly less  
horizontal displacement occurred than w as predicted near the invert. The finite elem ent 
analysis predicted that the magnitude o f  the displacem ents w ould  be approximately the 
same for all three deflectom eters. A  possible explanation for this could be the fact that the 
effect o f  stress path reversals on the stiffhess o f  the soil w as not m odelled. The material 
ahead o f  the tunnel experiences a change in stress path direction as the tunnel is advanced. 
This is illustrated in Figure 7-14 which show s the stress paths in the deviatoric plane for  
three elem ents in the top  heading bench and invert respectively. I f  the advance rate o f  the  
tunnel is sufficiently fast for creep to still be o f  significance, this change in stress path
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direction will result in a stiffer response and will therefore reduce the predicted  
displacem ents specifically in front o f  the tunnel.
7.4.4 Tunnel lining displacement
The measured displacements o f  the tunnel lining, as w ell as those predicted by the 3D  
analysis using an IN N EPP-m odel, are show n in Figure 7-15. The measured displacements 
are th ose identified to  be typical (based on measurements in all three tunnels) and are 
discussed in Section 5 .3 .2 . The predicted lining displacements w ere calculated by 
subtracting the displacement o f  the lining elem ents immediately after installation from the 
total predicted displacements. The construction sequence adopted in the 3D  analysis 
meant that the bench and invert sections w ere constructed simultaneously and therefore the 
displacem ents predicted for the bench may not be representative.
From the results it is evident that the horizontal displacements predicted on  the sides o f  the 
top  heading lining w ere o f  a similar m agnitude than those measured during construction, 
namely 4  to  5 mm. The predicted lining displacements do not, how ever, reflect the  
m agnitude o f  the vertical displacement o f  the top heading section o f  the lining. Predicted  
vertical displacem ents w ere typically o f  the order 2 to  3 mm compared to  the measured  
displacem ents o f  9 to  10 mm. In Section 5 .4 .2  it w as argued that the measured vertical 
displacem ents com prise tw o  com ponents, namely a com ponent due to  convergence and 
ovalisation and a com ponent due to  settlement. Comparison o f  the predicted and 
measured vertical displacements suggests that the com ponent o f  the measured vertical 
displacement attributed to  settlement (about 8 mm) is not reflected by the finite elem ent 
analysis. This suggests that the finite elem ent analysis does not adequately m odel the 
settlem ent occurring at the elephant’s feet in the top heading section.
Com parison o f  the predicted and measured displacement o f  the bench is not appropriate 
for the reason highlighted previously. Finally, the measured displacements o f  the lining in 
the tunnel invert (although based on very limited data) show ed very little displacem ent and 
this is also reflected by the finite elem ent predictions.
7-22
7.5 Factors of importance for the modelling for tunnelling problems
In the previous section displacements around a N A T M  tunnel heading predicted with 3D  
finite elem ent m odelling w ere compared with typical displacement patterns observed  
during the construction o f  the station tunnels at Terminal 4. It w as show n that there w ere  
differences and it w as argued that these differences could probably be attributed to the 
initial stress conditions adopted in the analyses, the material m odels that w ere used and the 
m odelling o f  construction details, as w ell as other factors that w ere highlighted. It 
therefore fo llow s that these aspects are also those that must be m odelled satisfactorily in 
any analysis i f  predictions are to  be improved. These factors are discussed in m ore detail in 
this section.
7.5.1 Initial stress condition
For a tunnelling problem the stresses in the ground are the loading condition and to  make 
realistic predictions o f  ground displacements it therefore fo llow s that the in-situ stresses 
must be know n w ith som e certainty. Furthermore, i f  the soil m odel used  takes into 
account yielding o f  the soil, then the initial stresses determine the position  o f  the stress 
state relative to  the yield surface. Unfortunately in-situ horizontal stresses are one o f  the 
m ost difficult geotechnical parameters to  obtain. The situation is further com plicated by 
the fact that as the tunnel is advanced, stresses are redistributed. The initial stress 
conditions in the numerical m odel therefore should not be equal to  the in-situ stress 
conditions, unless this redistribution o f  stresses due to  previous tunnelling activity is 
accounted for in the analysis. This redistribution o f  stresses is m odelled in a 3D  finite 
elem ent analysis, but in a 2D  analysis this may either not be taken into account or may be  
assumed. It w as shown in Chapter 6 that the redistribution o f  stresses depends on the  
material m odel being used and it is therefore very difficult to  take this into account in a 2D  
analysis.
To predict ground displacements realistically, the best approach w ould  therefore seem  to  
be to  conduct a 3D  analysis, starting the analysis with the initial stress conditions equal to  
the best estim ate o f  the in-situ stress conditions. In the 3D  analysis the redistribution o f  
stresses are taken into account automatically, but this does present a problem with the  
selection o f  base readings when comparing predicted displacem ents w ith field
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measurements. The initial redistribution o f  stresses, until a steady state condition is 
reached, will result in deformations that in m ost cases will not be observed in the field 
m easurements and therefore should not be included w hen comparing the predictions with  
field measurements. This effect is m ore pronounced for high Ko values w hich produce 
predominately horizontal displacements.
The effect o f  this initial redistribution o f  stresses is evident from the finite elem ent results 
and can be illustrated by inspecting the vertical displacem ents at the surface for different 
soil m odels. In Figure 7-16 the vertical displacem ents at surface along the longitudinal 
axis, predicted w ith three different soil m odels, are show n for different stages o f  tunnel 
construction. The results illustrate that the high Kq value used in the analysis had the 
fo llow ing effects:
•  For an IN LE-m odel excavation o f  the initial top  heading section (T H ) results in 
settlem ent at the surface (see Figure 6-3 for definition o f  excavation sections). A s 
soon  as the construction o f  the first portion o f  the bench and invert (S E C l)  is 
m odelled, the direction o f  the displacem ents above the tunnel change and a heave 
effect is observed. This w as also evident for the 2D  analysis (see  Figure 6-42). 
Advancing the tunnel further increased the upward displacement above the tunnel. 
This effect is believed to be due to  the fact that for the high horizontal stresses the 
displacem ents are predominantly horizontal and this together w ith the ‘unloading’ 
effect (i.e. rem oving o f  the soil w eight causes a resulting upwards force) results in an 
upward displacement.
•  W ith the introduction o f  plasticity another effect is illustrated. D u e to  the high K q the 
stress state o f  the material is close to  passive failure and the loading due to  tunnelling 
results in a zone o f  material above the tunnel failing and displacing upwards. This 
effect is evident right from the start o f  m odelling tunnel construction (i.e. for the  
excavation o f  TH). This effect is in addition to  that observed for the elastic analysis. 
Consequently, for the INLEPP-m odel the tunnel (and the ground surface) continues to  
displace upwards as the tunnel is advanced further.
•  The introduction o f  a non-linear stress strain response illustrates a further point. The  
effects discussed above are much m ore pronounced for the excavation o f  the TH - 
section for this soil model and large displacem ents are recorded significantly further
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away from the loading area than for the other tw o  soil m odels. A lthough there is a 
further increase in the upward displacements for the m odelling o f  the excavation o f  
S E C l (due to  the effects obvious for the other tw o  soil m odels), advancing the tunnel 
further results in downward displacements at surface. Introducing non-linearity 
therefore does not eliminate the predictions o f  som e heave above the tunnel face (see  
Figure 7-6), but it does improve the predictions by m odelling settlem ent as the tunnel 
is advanced past the monitoring point (see  Figure 7-5). This is even better illustrated  
w hen considering the vertical displacem ents 1 m above the tunnel crow n (see  
Figure 6-37). It is believed that this is due to the fact that this soil m odel allow s a 
different and much m ore significant redistribution o f  stresses around the tunnel (see  
Figure 5-54).
It can therefore be concluded that w hen conducting a 3D  finite elem ent analysis and 
adopting the in-situ stress condition as the initial stress condition in the analysis, it is not 
correct to  com pare directly the predictions w ith field measurements unless the predictions 
are given relative to  a set o f  base readings taken once a portion o f  the construction o f  the 
tunnel has been m odelled. Ideally the construction o f  a sufficient length o f  tunnel should  
therefore be m odelled to  allow  the selection o f  a set o f  base readings w hen  the tunnel has 
been advanced a certain distance into the m odel. For the purposes o f  the com parisons in 
this thesis a length o f  tunnel construction o f  4 .6  m (that is after the com pletion  o f  the first 
section o f  invert) w as used. Unfortunately the length o f  tunnel construction m odelled  
during this research did not allow detailed evaluation o f  what a sufficient length o f  tunnel 
construction w ould be for the selection o f  a base reading.
7.5.2 Construction details
The effect o f  construction details on the finite element predictions w as investigated by 
conducting a series o f  2D  and 3D  numerical experiments. The 2D  analyses w ere  
conducted using an INLE-m odel and an IN N EPP-m odel, w hile in 3D  only an IN L E -m odel 
w as used. The construction details that w ere investigated included varying the number o f  
excavation steps used to  model the excavation o f  the tunnel and the point at which the  
tunnel lining is introduced.
7-25
The 2D  analyses show ed that the point at which the lining is introduced had a significant 
effect on the predicted displacements. This is to  be expected  since w hen m odelling the stiff 
lining as w ished-in-place, essentially no deformation o f  the tunnel excavation is allowed, 
w hile w hen m odelling the tunnel lining as being sequentially constructed, essentially the 
lining serves no purpose since the tunnel excavation has already com pletely deformed. 
T hese tw o  extrem es therefore represent the tw o  mechanisms involved w hen constructing a 
tunnel, namely convergence as a result o f  rem oving the soil elem ents w hile having no 
support in place and the upwards displacement as a result o f  the w eight o f  the soil that has 
been rem oved w hen a stiff lining is in place. One technique for taking into account 3D  
effects w hen m odelling tunnel construction in 2D  is to  assum e that reality lies som ewhere 
betw een  a w ished-in-place and sequentially constructed lining and therefore to  allow a 
percentage o f  the unloading due to  the rem oving o f  the elem ents to  occur (say 50% ) 
before the lining is introduced (Stallebrass et al. (1994)).
D ifferences betw een the displacements predicted w hen m odelling the installation o f  the  
lining in the 3D  analysis as w ished-in-place or sequentially constructed reduced when the  
number o f  steps used to  m odel the tunnel construction w ere increased. It appears that in 
the extrem e w hen very small portions are excavated at a time, almost all the displacement 
w ould  be due to  the deformations o f  the unsupported tunnel face (face-take) and the 
‘heave’ due to  unloading caused by the removal o f  material, irrespective o f  whether the  
lining w as m odelled as wished-in-place or sequentially constructed (see  Figure 6-46).
Consistent w ith the N A T M  approach both the 2D  and 3D  analysis show ed that the less soil 
that is exposed  before the section o f  lining is introduced, the smaller will be the magnitude 
o f  the predicted displacements. This is due to  the fact that the portion o f  lining installed  
carries load w hen subsequent portions o f  the tunnel are excavated. A lthough there w ere  
differences betw een the 3D  analyses m odelling the tunnel construction in 16 steps and 75 
steps respectively, for the INLE soil m odel used for the investigation, these w ere relatively 
small. Specifically the displacements ahead o f  the tunnel face did not differ by m ore than 
2%. It is possible, however, that this difference may be more significant w hen m ore 
sophisticated soil m odels, incorporating for example plasticity and stiffness non-linearity, 
are used.
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7.5.3 Material models
The influence o f  the material m odel on finite elem ent predictions has been reported  
extensively in the literature, but m ost o f  the investigations refer to  studies using 2D  
analyses. E lem ents o f  material behaviour that have been investigated and are reported in 
the literature include the non-linearity (see  for exam ple Sim pson et al. (1979), Jardine et 
al. (1991), Gunn (1993), Dasari (1 9 9 6 )) and anisotropy (see  for exam ple L ee and 
R ow e (1989), Sim pson et al. (1996), A ddenbrooke et a l  (1997)) o f  the stress-strain  
response, and the effect o f  changes in stress path direction (Stallebrass et al. (1994), 
Addenbrooke et al. (1997)). There does not appear to  be consensus on  the importance o f  
som e o f  these parameters and numerical experim ents w ere conducted as part o f  this 
research in an attempt to  clarify som e o f  these issues.
There appears to  be a consensus on the importance o f  m odelling the non-linearity o f  the 
stress strain response. Non-linearity concentrates déplacem ents around the loaded area 
and generally results in displacement profiles that sh ow  better agreem ent w ith field 
measurements (Gunn (1993)). A nalyses conducted as part o f  this research confirm ed these  
findings and showed that, for the initial stress conditions adopted during the analyses, a 
non-linear elastic soil m odel w as the only m odel that predicted displacem ent patterns 
which show ed reasonable agreement w ith  the measured displacem ent patterns. The 
IN N EPP-m odel w as, for example, the only m odel that predicted continued settlement 
immediately above the tunnel centreline w hen the tunnel invert passed the monitoring 
section (see  Figure 6-37  and Figure 7-9). The reason for this is believed to  be the fact that 
the non-linear elastic soil m odel allow s a m ore realistic redistribution o f  stresses around the 
tunnel.
Researchers are divided on the importance o f  including stiffness anisotropy in the soil 
m odel (see  for exam ple L ee and R o w e (1989), Sim pson et al. (1996), Addenbrooke et 
al. (1997)). A lthough there is agreement that adopting a lo w  value for the independent 
shear stiffness Gvh (for which there is no sound basis) im proves the shape o f  the predicted  
settlement trough, they are divided on the importance o f  m odelling the difference in the  
stiffness in the horizontal and vertical directions. Addenbrooke et al. (1 9 9 7 ), for deep  
tunnels, concluded that the introduction o f  anisotropy (m odelling the horizontal stiffness as
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1.6 tim es the vertical stiffness) did not improve the plane strain prediction o f  ground  
displacem ents provided that non-linear stress-strain behaviour w as m odelled. Their data 
do how ever show  that the effect o f  anisotropy is to  reduce the displacem ents predicted  
around the tunnel. Sim pson et al. (1996) reached the opposite conclusion w hen m odelling 
the construction o f  the H eathrow Trial tunnel, w hich w as shallower than the tunnels 
analysed by Addenbrooke and co-w orkers. They found, again using plane strain analyses, 
that the introduction o f  a non-linear stress-strain response w as insufficient to  make 
reasonable surface settlem ent predictions and that only w ith  the introduction o f  anisotropy 
w as this possible.
During this research 2D  and 3D  finite elem ent analyses w ere conducted to  investigate the 
effect o f  anisotropy. The analysis did not include the non-linearity o f  the stress-strain  
response and only a 2D  analysis was conducted to  include the effect o f  plasticity. These  
are shortcom ings o f  the analyses which make it im possible to  draw indisputable 
conclusions on the need to  include anisotropy when m odelling tunnelling problems. The 
analyses did how ever produce som e interesting results. A s expected  anisotropy had the 
effect o f  significantly reducing horizontal displacements, which com pensated for the effect 
o f  the high horizontal stresses assumed in the analyses. This resulted in significantly 
smaller surface settlem ents at the far-side boundaries. Furthermore, the longitudinal 
displacement patterns obtained above the tunnel with the 3D  analysis using an anisotropy  
m odel significantly reduced the heave effect predicted above the tunnel (see  Figure 6 -35)). 
Anisotropy also had the effect o f  reducing longitudinal displacem ents ahead o f  the tunnel 
(see Figure 7-10). In general it can be concluded that the introduction o f  stiffiiess 
anisotropy generally reduced the predicted displacements and to  som e extent concentrated  
displacem ents around the tunnel. For the analyses conducted, anisotropy did therefore 
make a significant difference and generally improved the predicted displacem ent patterns. 
This highlights the need to  model stiffiiess anisotropy i f  stress anisotropy is included in the 
finite elem ent m odel. A  possible explanation for the difference in opinion on the effect o f  
including anisotropy may be that the effect o f  anisotropy is related to  the initial stress 
conditions. A nisotropy o f  stress and stiffiiess are related and w hen high initial horizontal 
stresses are adopted in an analysis, m odelling stiffiiess anisotropy w ou ld  be expected  to  
make a difference.
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The effect o f  stress path reversals w as not investigated as part o f  this research. The effect 
o f  stress path reversals also appears to  be poorly reported in the literature. Som e 
researchers (see  Stallebrass et a l  (1 9 9 4 )) have reported the effect o f  stress path history on  
predictions, but evidence from a suite o f  tests conducted by Heymann (1 9 9 8 ) show ed that 
w hen sufficient tim e has lapsed for creep to  stabilise no history effects are evident in 
triaxial tests. A ddenbrooke et al. (1 997) investigated the effect o f  stress path direction on  
the m odelling o f  the construction o f  a single tunnel in 2D  and concluded that it had no 
influence on  the predictions. Dasari (1 996) conducted 3D  analyses investigating the effect 
o f  including non-linearity and stress path reversals in the material m odel. H e concluded  
that both these properties w ere important to  obtain realistic predictions, but failed to  show  
the effect o f  each o f  these separately. Evidence reported in the literature is not sufficient 
to  draw conclusions regarding the relative importance o f  m odelling the effect o f  stress path 
reversals. It is how ever believed that due to  the changes in stress path direction that are 
experienced by different zones o f  the material around the tunnel, stress reversals w ill have 
an effect on 3D  predictions. It is therefore necessary that fiirther analyses be conducted to  
investigate the importance o f  modelling stress path reversals on 3D  predictions o f  ground  
displacements.
In Chapter 6 it w as show n that the material m odel used in the finite elem ent analysis has a 
significant influence on both the magnitude o f  displacements and the displacem ent patterns 
predicted. In order to produce reasonable finite elem ent predictions it is therefore 
necessary that the elem ents o f  soil behaviour that influence these predictions be identified. 
This research has again confirmed the importance o f  m odelling the non-linearity o f  the  
stress-strain response, but has also suggested  that it is important to  m odel the anisotropy  
o f  the stiffness w hen the initial stress anisotropy is included in the m odel. Other aspects o f  
material behaviour that are believed to be important and have to  be investigated include the  
effect o f  stress reversals and the effect o f  stress path direction.
7.5.4 Other factors
Comparison o f  the predicted and measured displacements show ed that there are also other  
aspects that could have a significant influence on the finite elem ent predictions. T w o o f  
these aspects w ere illustrated by this research.
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The field measurements show ed that the lining section in the top heading experienced a 
significant downward m ovem ent, which w as not adequately predicted by the finite element 
analysis. In the finite element analysis the lining elem ents are ‘attached’ to  the soil 
elem ents and in the extrem e the lining ‘hangs’ from the soil. This is not realistic and the 
effect is that the settlem ent (including the possible yielding) at the elephant feet is not 
predicted satisfactorily. In order to  im prove finite elem ent predictions it is therefore 
essential that this settlem ent o f  the elephant feet be predicted realistically.
Furthermore, approximately 25%  o f  the settlem ent above the tunnel occurs after the tunnel 
invert has been closed. This is probably due to  creep deform ations and the deformation o f  
the ‘young’ shotcrete lining may also contribute. Vertical displacem ents o f  the order o f  
25 mm observed during tunnel construction could probably result in significant creep  
deformations. Furthermore, the stress-strain behaviour o f  shotcrete is highly tim e 
dependent, and w ith the tunnel advance rates recorded during the construction o f  the  
Terminal 4 station tunnels (up to  2 m a day) the invert may be closed  within 2  days. Dasari 
(1996) show s that over a period o f  tw o  days the shotcrete may reach approxim ately 80%  
o f  its 24 day stiffness. This means that the young shotcrete may be subjected to  significant 
loads w hile the stiffness and strength is still increasing. Including the tim e-dependent 
behaviour o f  both the soil and the shotcrete in the finite elem ent analyses are likely to  make 
a significant difference in the predicted displacement profiles.
7 .6 A d v a n ta g es and  d isad van tages o f  3D  m od ellin g
Comparison o f  the 2D  and 3D  analyses conducted as part o f  this research show ed that 
although there generally is a significant difference betw een  2D  plane strain and 3D  
predictions, introducing an approximation such as only allow ing 50%  unloading o f  the 
excavation stresses before introducing the lining improved the 2D  predictions significantly. 
Comparing the results o f  the 2D  approximation and the 3D  analysis show ed that although  
it w ould be possible to  adjust the percentage unloading to  reproduce som e o f  the 3D  
results, for exam ple the predicted surface settlem ents, there w ould  still be differences in the 
predicted displacement patterns. A lso  the 2D  approximation is based on  previous 
experience for the selection o f  the percentage unloading, which implies that using 2D  finite
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elem ent analysis as a predictive tool has significant limitations. T o use finite elem ent 
m odelling for N A T M  tunnel design it is therefore believed that it is necessary to  m odel the 
problem in 3D . Furthermore, the rapid advances in com puting resources m eans that 
conducting sophisticated 3D  finite elem ent analysis o f  tunnelling problem s is no longer the 
challenging task it used to  be and could within a relatively short period o f  tim e start to  
form part o f  the routine tunnel design process. It is therefore necessary to  investigate the  
use o f  3D  finite elem ent m odelling in order to  com m ent on its merits and provide 
guidelines to  practising engineers. In the follow ing paragraphs som e o f  the advantages and 
disadvantages o f  3D  finite elem ent m odelling are discussed.
Ope o f  the biggest disadvantages o f  conducting 3D  analyses is the com puting resources 
required. A lthough this is no longer the major problem it used to  be, the large m odels 
required to realistically m odel tunnel construction may still run for days, com pared to  
minutes for aitjequivalent 2D  mesh. This often results in people using m eshes that are 
insufficiently refined and with the construction process significantly simplified. The result 
o f  these simplifications could be that predictions are relatively poor and lead to  the 
conclusion that 3D  analysis is not worthwhile. W hen conducting 3D  analyses it is 
therefore necessary to  realise that such simplifications will influence predictions.
A  further disadvantage o f  3D  analyses is that m ost soil m odels are developed  based on  
triaxial test results. They are then generalised for plane strain conditions. This 
generalisation is typically based on limited evidence o f  real soil behaviour under these  
conditions, but it is probably fair to conclude that the implications o f  these assum ptions are 
n ow  w ell understood. The effect o f  applying these m odels to  problems in general stress 
space is probably less w ell understood. Consider the exam ple o f  using either the Tresca or 
von  M ises failure criterion for m odelling undrained failure. The Tresca criterion is not 
dependent on the intermediate principal stress while the von  M ises criterion is (P otts and 
Zdravkovic (1999)). In spite o f  this it is possible to select parameters w hich imply that for 
plane strain conditions these tw o  criteria will produce similar results. M atching these  
criteria is how ever not possible for 3D  analysis and using one or the other o f  th ese criteria 
in a 3D  analysis might result in different predictions. A spects like th ese may therefore 
influence predictions and the modeller may be unaware o f  this.
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3D  finite elem ent analysis has various advantages. Firstly, it is a truly predictive tool which  
does not rely on empiricisms such as those for 2D  analyses to  obtain predictions. It also 
allow s the prediction o f  stresses and deformations in the longitudinal direction. These 
ground deform ations ahead o f  the advancing tunnel are important and there is no method  
o f  predicting these other than conducting a 3D  analysis. This is also important w hen  
investigating the effect o f  m easures for reducing surface settlem ents such as face 
dowelling.
A  further advantage o f  3D  analyses is that the deformation and subsequently bending 
m om ents in the tunnel lining in the longitudinal direction can be predicted. Figure 7-17  
show s the additional deformation o f  the existing tunnel lining (com pleted up to  SEC9) 
w hen SEC 10 is excavated. In Figure 7 - 17(a) the vertical displacem ent along the tunnel 
crown is show n and in Figure 7 -17(b) the horizontal displacement along the base o f  the top  
heading section  is shown. Although these displacements do not appear to  be large, it 
should be noted that the stiffness o f  the lining (10 GPa) adopted in the analysis w as 
representative o f  a com pleted lining and did not include the tim e-dependent stiffness o f  the 
shotcrete. Including a m ore realistic tim e-dependent stiffness for the shotcrete w ould  
probably increase the deformations. B ased  on such a result the bending m om ents in the 
lining can be calculated.
The 3D  analyses conducted showed that it is possible to  produce reasonable predictions o f  
ground displacem ents around the tunnel heading using an IN N E PP-m odel. This w ould  
imply that finite elem ent analyses could be used to  predict relative volum e loss, a 
parameter that is required as input for the empirical m ethod used  to  describe surface 
settlem ent profiles. R elative volum e loss is typically based on experience and no empirical 
approach appears to  predict this parameter accurately.
In order to  obtain the relative volum e loss from the finite elem ent results it is necessary to  
quantify the relative contributions o f  face-take and radial take. Similar to  the calculation o f  
the measured face-take discussed in Section 5 .4 .1 , the radial take and face-take w ere  
calculated from the finite elem ent analysis when advancing the tunnel a distance o f  1 m. 
For the IN N E PP-m odel the radial-take and face-take w ere calculated to  be approxim ately 
0.33%  and 0.3%  respectively. The predicted radial take and face-take are therefore
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approximately equal w hich supports the observation that approximately 50%  o f  the 
displacements occur ahead o f  the tunnel.
R elative volum e losses recorded during the construction o f  the concourse tunnel w as o f  
the order o f  0.8%  o f  which approximately 0.45%  can be attributed to  face-take (see  
Section  5 .4 .1). I f  it is assumed that the volum e loss is equal to  the volum e o f  the 
settlem ent trough (which is not necessarily the case as discussed in Section  2 .2 .2 ), the  
measured radial take and face-take are also approximately equal. The m agnitude o f  the  
predicted and measured relative volum e loss, i.e. 0.63%  and 0.8%  respectively, are 
therefore different but comparable. It therefore appears that 3D  finite elem ent analysis can  
be used to  predict the order o f  magnitude o f  the relative-volum e loss, w hich could be 
useful in situations where no previous experience exists.
It can  therefore be concluded that 3D  finite elem ent m odelling can be used  to  make a 
significant contribution to  N A T M  tunnel design. It allow s the m odelling o f  the com plex  
soil-structure interaction problem at the tunnel heading and provides a too l w hich  can be  
used to  improve understanding o f  the behaviour o f  the shotcrete lining, the effect o f  tunnel 
construction on existing structures, and m ethods that may be used to  reduce displacem ents 
caused by tunnel construction.
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Figure 7-1 A comparison between the empirical surface settlement profiles and the 
measured profiles at (a) MMS VIII during construction of the downline 
tunnel, (b) MMS II during construction of the upline tunnel and (c) at 
MMS I during construction of the concourse tunnel.
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Figure 7-2 Longitudinal surface settlement profile measured along the downline 
tunnel centreline with the top heading at chainage 82.2. Also shown in the 
figure is the empirical longitudinal settlement profile.
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Figure 7-5 Comparison of the predicted transverse surface settlement profile with the 
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Figure 7-12 Comparison of predicted longitudinal displacements with that measured 
at (a) Deflectometer 1, (b) Deflectometer 2 and (c) Deflectometer 3. The 
distances shown in brackets in the legend are those between the top 
heading and instruments for the result shown.
7-45
1"
S '-10 
'3
I
I
-15
■20
-25
I  »
i'
S"-io
%
’«
.S  -15T3
1-20
-25
o
-
1
V--VA------
\ \
à
□  Def 1
O Def 2
O Inc 4
-------------MS3
— — — -MS5
25 20 15 10 5
Distance relative to tunnel top heading (m)
(a)
5
0
■5
« -10
"3 -20
C£
-25
-30
□  Def 1
O Def 2
O Inc 4
 MS3
— — -MS5
25 20 15 10 5 0
Distance relative to tunnel top heading (m)
(b)
-5
o
\  ° □\V°
\ \
-
\ \\ \
\ \\%\\
□  Def 1 
O Inc 4
-------------MS3
— — *MS5
D e f3
FE analysis details 
Material model: INNEPP
K q: 2 max
Construction: 16 steps
25 20 15 10 5 0 -5
Distance relative to tunnel top heading (m)
(c)
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Figure 7-14 Stress paths plotted in the deviatoric plane for the three elements shown in
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8. CONCLUSIONS
Tunnelling in the urban environment requires that the ground deformations around the 
advancing tunnel be assessed. Not only is this important for evaluating the possible 
damage to existing structures in close proximity to the tunnel, but it might also provide an 
indication of the magnitude of the surface settlements that may be expected, something 
that is currently based predominately on experience. An understanding of the soil- 
structure interaction at the tunnel heading should allow methods for reducing settlements, 
for example face doweling, to be assessed, and also allow assessment of the load on the 
young shotcrete tunnel lining.
A literature review has been conducted to investigate the methods currently available for 
predicting ground deformations resulting from tunnelling. Based on this the following 
conclusions were drawn;
• Several methods based on empirical relationships and closed form solutions have been 
developed for evaluating ground deformations caused by tunnel construction. Of 
these methods the empirical approach is used most widely in practice. This is largely 
due to its simplicity and the fact that it can satisfactorily describe the shape of the 
settlement trough for a wide range of tunnelling methods and site conditions. To use 
this method as a predictive tool it is, however, necessary that the extent (/ parameter) 
and the magnitude of the settlement trough (relative volume loss) be estimated. 
Although a number of empirical relationships have been developed for this purpose, 
ultimately estimation of these parameters requires some educated guesswork. 
Furthermore, the empirical approach has limitations and is ideally suited for the 
construction of a green field single tunnel in conditions where previous experience 
exists, a situation that is hardly ever encountered in the urban environment.
• The empirical method has been extended, and closed form solutions are available, for 
predicting subsurface ground displacements. However, subsurface ground 
displacement patterns are highly dependent on the tunnelling method and the ground 
(site) conditions. The literature review revealed that the success of these methods for 
predicting subsurface ground displacements varies and their usefulness is questionable.
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Numerical methods provide an alternative method for predicting ground displacements 
and can take account of some of the site specific variables. In addition numerical 
modelling can be used to evaluate the soil-structure interaction problem and 
consequently the performance of the tunnel lining. In many cases numerical modelling 
therefore now routinely forms part of the tunnel design process.
Until recently, and probably in practice to date, most numerical modelling for tunnel 
design has been conducted assuming plane strain conditions (2D analysis). This 
approach does not take into account the three dimensional redistribution of stresses 
around the tunnel heading and accordingly can be expected to over-predict or under- 
predict the magnitude of ground displacements depending on whether the tunnel lining 
is modelled as wished-in-place or sequentially constructed. Methods have been 
developed to compensate for this redistribution of stresses and are calibrated using 
case histories, which essentially implies that the numerical modelling requires an 
empirical input. It therefore is clear that only 3D analyses provide a way forward as a 
true predictive tool.
The accuracy of numerical predictions is typically evaluated by comparing the 
predicted surface settlements with field measurements. This is probably because of the 
large number of surface settlement records that are available, but highlights the need 
for high quality field measurements of the three dimensional ground displacement 
patterns around tunnel headings for benchmarking numerical modelling.
The inability of numerical modelling, both 2D and 3D analysis, to predict reliably, 
surface settlements is well documented in the literature. Predicted surface settlement 
troughs are typically shallower and wider than observed in the field. Efforts to 
investigate the reason for this have largely been concentrated on the constitutive 
model used to describe soil behaviour. In the search to find an appropriate soil model, 
other issues that also influence predictions, such as the initial stress conditions and the 
geometry of the problem, have apparently been neglected or have not been thoroughly 
investigated.
In order to obtain predictions that compare well with field measurements it is 
necessary to use a soil model that reproduces real soil behaviour, or at least the
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elements of real soil behaviour that are important for the problem under consideration. 
Real soil behaviour is complex and with time understanding of all its elements is still 
improving. It is unlikely that a soil model that reproduces all the aspects of observed 
soil behaviour will be available in the foreseeable future. Advanced soil models that 
reproduce most of the aspects of real soil behaviour require several material constants, 
some of which cannot be readily determined from laboratory testing. The numerical 
modeller is therefore faced with the choice of using less sophisticated models which 
reproduce only some of the aspects of real soil behaviour, or using more advanced soil 
models that require a number of material constants which are difficult to determine 
and the effect of which is difficult to assess.
• Due to the complexity of real soil behaviour it is therefore necessary to investigate the 
aspects of real soil behaviour that are important for the problem being analysed and to 
use a model that reproduces these aspects. Aspects of soil behaviour that have been 
investigated and are reported in the literature include the non-linearity of the stress- 
strain response, anisotropy and the effect of recent stress history. Although there 
seems to be agreement on the importance of modelling the non-linearity of the stress 
strain behaviour, opinion is divided on the importance of the other two aspects.
Based on the conclusions drawn from the literature review the research was structured to 
obtain a set of high quality measurements of ground displacements ahead of an advancing 
NATM tunnel and to use this data, together with the routine monitoring results obtained 
by the tunnelling contractor during construction, to establish typical ground displacement 
patterns around the tunnel heading. A series of 2D and 3D finite element experiments 
were then conducted to investigate the effect of the different categories of assumptions and 
approximations associated with the technique on the predictions. From these results the 
important factors to be included in a finite element analysis of a NATM tunnelling problem 
were identified. The conclusions drawn from this work can be summarised as follows:
Monitoring o f NATM timnel construction
• Application of traditional NATM in its true sense is an implementation of the 
Observational Method and instrumentation therefore forms an integral part of the 
design process. When NATM is used for the construction of shallow tunnels in soft
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ground in the urban environment, the lining is fully designed, however, and 
construction is less reliant on monitoring. Monitoring however still forms an 
important part of construction, usually to verify the adequate performance of the 
tunnelling process, but also to monitor the influence of construction on existing 
infrastructure. Instrumentation typically used as part of such a monitoring programme 
and evaluated as part of this research includes precise levelling, multiple-rod 
extensometers, vertical inclinometers, and three dimensional displacement monitoring 
of the tunnel lining. The performance of these instrumentation systems at Heathrow 
Terminal 4 was as follows:
■ Procedures for monitoring surface settlement using precise levelling are well 
established and during the construction at Terminal 4 the precision was generally of 
the order ±0.5 mm and seldomly worse than ±1.0 mm. The method was reliable, 
and its precision was more than adequate for its intended purpose.
■ The precise levelling was used to reference the extensometer heads and the 
precision of the extensometer readings was therefore of a similar magnitude to that 
of the precise levelling. The installation of the some of the extensometers was 
suspect and this aspect was believed to be a more serious consideration than its 
precision.
■ Four sacrificial vertically installed inclinometers were used to measure the ground 
displacements in front of the advancing concourse tunnel. They performed 
exceptionally well and a precision of ±2.0 mm over a length of 20 m proved to be, 
within the instrumentation’s capabilities.
■ A total station and optical targets were used for monitoring the deformation of the 
tunnel lining. This three dimensional displacement monitoring system is an 
alternative to using tape extensometers and was the primary method used for 
evaluating the behaviour of the lining and the construction process. The 
performance of this instrumentation system was disappointing. Although under 
‘ideal’ conditions a positional precision of ±1 mm was achieved, under working 
conditions the precision was as poor as ±3 mm over distances typically not 
exceeding 30 m. With such a level of precision interpretation of the lining
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displacements, which in many cases had a magnitude similar to the precision of the 
measurement system, was difficult. A further problem with the three dimensional 
displacement monitoring was the reliability of the system. Targets were prone to 
be damaged, especially when construction activity was still close, and at most of 
the monitoring sections the results of one or more of the targets were useless.
• To obtain a high quality data set of ground displacements ahead of the concourse 
tunnel, two sections of three horizontally installed chain deflectometers, together with 
the four vertical inclinometers, were used to measure ground displacements as the 
tunnel approached the instrumentation. This is the first time chain deflectometers have 
been used for this purpose and the results obtained were very encouraging. An 
experiment conducted in the laboratory showed that, although the chain deflectometer 
could measure absolute position to within an accuracy only of the order of 25 mm, it 
could measure displacement (i.e. change in position) to an accuracy of better than 
1 mm. Although the accuracy with which absolute position is measured is therefore 
not particularly good, the accuracy of the displacement measurement is highly 
satisfactory. Furthermore, the deflectometer is able to measure both the vertical and 
horizontal displacements, which is rare for horizontally installed instrumentation. The 
chain deflectometer proved to be equipment of a high standard that should be 
considered for displacement monitoring and provides an alternative to, for example, 
electrolevels.
Displacement patterns
• Typical displacement patterns obtained for surface settlements compared exceptionally 
well with the empirical relationships. Despite the complex site conditions the shape of 
the settlement troughs recorded above all three tunnels could be described 
satisfactorily by a normal distribution function. The longitudinal settlement profile 
recorded during the construction of the first section of the downline tunnel also fitted 
a cumulative probability function very well. Typically 50% of the settlement occurred 
ahead of the tunnel. Another aspect of interest was that the data obtained during the 
construction of the platform tunnels, which were separated by a distance of 
approximately two tunnel diameters, appeared to support the principle that the final
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settlement trough can be obtained by adding the settlements caused by the individual 
tunnels. The measured longitudinal profile showed a small amount of heave ahead of 
the settlement trough. This supports an observation previously reported by Shirlaw et 
a/. (1988).
The in-tunnel lining deformation monitoring results were used to estimate the typical 
deformation of the tunnel lining. From the results it was concluded that the 
displacement of the lining in the top heading was predominately vertical. If this 
vertical translation is subtracted from the displacements (to obtain the displacements 
that can be attributed to ovalisation and convergence) it shows that the lining section 
deformed more in the horizontal direction than in the vertical direction. The tunnel 
therefore did not squat as is typically assumed in practice. The bench section of the 
lining, and apparently the invert section of the lining, showed little deformation.
The instrumentation data were used to estimate ground displacement vectors around 
the tunnel heading and an unique set of displacement vectors in a longitudinal plane on 
the tunnel centreline was produced. The displacement vectors show that the ‘flow’ of 
material around the tunnel heading is generally horizontal in front of the tunnel face 
and predominantly vertical above the tunnel. As the tunnel is approached there was a 
general trend of a decrease in the horizontal distance between the tunnel face and the 
instrumentation at which displacements were first detected. While vertical 
displacements were recorded at the surface with the concourse tunnel a distance of 
approximately 15 m away from the control points, the extensometer immediately 
above the tunnel crown recorded displacements with the tunnel a distance of less than 
5 m away from the instrumentation. This trend was also evident for both the vertical 
and longitudinal displacements recorded with the deflectometers.
Volume losses recorded during the construction of the concourse tunnel was of the 
order of 0.8% and for the platform tunnels varied between 0.5% and 0.6%. Using the 
inclinometer and deflectometer results, it was calculated that approximately 0.45% of 
the volume loss recorded during the concourse tunnel construction can be attributed 
to face-take. This is approximately 50% of the total volume loss and radial take 
therefore also contribute approximately 50% of the volume loss.
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• In general the behaviour of the platform and concourse tunnels proved to be relatively 
consistent, with no significant differences observed between the behaviour of the two 
platform tunnels and the concourse tunnel. Although surface settlements and vertical 
ground displacements appeared to be slightly larger during the construction of the 
concourse tunnel, no data are available for the construction of the adjacent sections of 
the platform tunnels and the results may therefore not be directly comparable. The 
behaviour observed during the concourse tunnel construction may have been due to 
the natural variation of site conditions (also observed along the length of the platform 
tunnels), but was more probably due to the prior construction of the platform tunnels.
Finite element modelling o f NATM tunnel constimction
• 2D analyses conducted to investigate the effect of discretisation on the numerical 
predictions showed that for a coarser mesh the spread of results when using different 
types of elements was significantly more pronounced than for a finer mesh. This 
behaviour is also expected to be true for 3D analysis (although no similar analyses 
were conducted). It was concluded that the type of element used has little influence 
on the predictions, provided a suitably fine mesh is used. Although this is an aspect of 
finite element modelling that is frequently emphasised, it is believed that it is not 
always checked in practice. These numerical experiments again highlighted the 
importance of investigating the effects of mesh discretisation and can be used as a 
check for the refinement of the mesh.
• 2D and 3D analyses showed that the position of the mesh boundaries (within reason) 
did not influence the deformations immediately around the tunnel, but had a significant 
effect on the displacements in the far-field, for example the surface settlement. To 
reduce the settlements at the far boundary to zero a mesh with an estimated width of 
between 150 m and 200 m would be required for the 8 m diameter tunnel. However, 
wider meshes produced much wider surface settlement troughs than observed in 
practice. It was concluded that the position of the boundaries is not of great 
significance if the purpose of the analysis is to investigate the ground displacements 
around the tunnel and the guidelines provided by Gunn (1993) are adequate.
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Both 2D and 3D finite element analyses conducted as part of this research again 
confirmed the inability of this method to predict satisfactorily surface settlements. The 
predicted surface settlements were influenced significantly by the initial stress 
conditions, the material model used and the modelling of construction details. The 
range of results obtained by varying these parameters in 2D was much more 
pronounced than for 3D analysis. It was shown that it is possible to adopt a 
percentage of the unloading due to excavation in a 2D analysis in order to match the 
settlement profile predicted with a 3D analysis. This however requires estimating the 
percentage of unloading and as discussed, the purpose and usefulness of adopting such 
an approach is questionable.
Prediction of the subsurface ground displacements also proved to be dependent on the 
initial stress condition, the material model used, and the modelling of the construction 
details. A significant difference between 2D and 3D predictions was again evident. In 
spite of the initial stress conditions adopted (resulting in unrealistic surface 
settlements) a 3D finite element analysis with a non-linear elastic soil model provided 
reasonable predictions of the ground displacements around the NATM heading. 
Although the magnitude of the predicted displacements differed somewhat fi’om the 
field measurements, the displacement patterns were similar. The measured 
displacement patterns appeared to be more concentrated around the tunnel heading, 
but this observation is not conclusive since the field measurements were influenced by 
the adjacent platform tunnels.
A series of 2D and 3D analyses showed that the influence of the initial stress 
conditions assumed in an analysis had a significant effect on displacements predicted at 
the ground surface and around the tunnel heading. This is to be expected since for a 
tunnelling problem the initial stresses are essentially the loading condition. 
Unfortunately in-situ horizontal stress remains one of the most difficult parameters to 
estimate in geotechnical engineering. Using the best estimate of the Ko profile to set 
up the initial stresses in the finite element analyses resulted in surface deformation 
patterns that did not reflect those observed in the field. The high initial horizontal 
stresses resulted in the passive failure of the material above the tunnel, which is
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believed to have contributed significantly to the unrealistic predicted surface 
settlements.
When the tunnelling problem is modelled in 3D the redistribution of stresses is 
accounted for in the analysis provided a sufficiently long length of tunnel construction 
is modelled. The redistribution of stresses around the tunnel is dependent on the 
material model being used and its effect is evident through the entire mesh. It is 
therefore necessary to select appropriate base readings when comparing predictions 
with field measurements.
Displacement patterns, both at the surface and in the vicinity of the tunnel, were 
predicted using a range of material models, both in 2D and in 3D. The results showed 
that the introduction of anisotropy and the non-linearity of the stress-strain response 
had the most significant effects on the prediction. The introduction of anisotropy 
reduced the settlements predicted in the far field significantly and resulted in 
longitudinal displacement patterns that replicated the measured displacement patterns 
the closest. Modelling the non-linearity of the stress-strain response resulted in a 
much more realistic shape for the settlement trough in 2D, with the maximum 
settlement being recorded at the tunnel centreline. Introducing non-linearity of the 
stress strain response in 3D changed the vertical displacement patterns above the 
tunnel. While the other models predicted the largest displacements at the surface and 
in an upward direction, the non-linear model predicted the largest displacement 
directly above the tunnel in a downward direction. When the tunnel was advanced 
further, the non-linear elastic model predicted vertical displacement in a downward 
direction, while the other models predicted vertical displacement in an upward 
direction (i.e. the completed tunnel moved upwards). In order to obtain realistic 
predictions it therefore appears necessary to include anisotropy and non-linear 
elasticity in the soil model.
To investigate the effect of modelling the construction sequence 2D and 3D analyses 
were conducted adopting different excavation sequences and installing the lining 
wished-in-place or sequentially constructed. The results showed that for 2D plane 
strain analyses these factors had a significant influence. For 3D analysis using an 
INLE model the effects were less significant.
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• This research showed that two other factors that significantly influenced the finite 
element predictions were the inability to model the settlement and yielding of the top 
heading lining section (at the elephant feet) and the modelling of the time-dependent 
properties of the soil and shotcrete lining. Realistically modelling these two aspects 
may hold the key to the improvement of 3D finite element predictions.
• On the basis of the work carried out during this research it appears that 3D analysis of 
the heading can be used to predict volume loss, a parameter which is required for 
empirical methods, analytical solutions and 2D finite element approximations. 
Furthermore, 3D analyses can be used to assess the three dimensional ground 
displacements around the tunnel heading and their influence on existing structures 
using a fairly elementary soil model. Finally, 3D finite element analyses can be used to 
assess the displacement and bending moments along the length of the tunnel lining. 
This allows evaluation of the performance of the shotcrete tunnel lining and may assist 
in decisions to use the current temporary shotcrete lining as a permanent lining in 
future.
This research provides a unique set of displacement measurements in a longitudinal plane 
around the tunnel heading that can be used for the bench-marking of 3D finite element 
analysis. The 3D finite element analysis conducted as part of the research has provided 
valuable insights into the modelling of the construction of a NATM tunnel. There are 
however several areas that should be investigated further. These include the following:
• Analyses modelling a sufficient length of tunnel construction to allow the assessment , 
of the distance of tunnel construction that must be modelled for the selection of base 
readings.
• Analyses using a non-linear elastic plastic soil model to investigate the effect of 
modelling construction details.
• Further analyses to investigate the aspects of real soil behaviour that should be 
included when modelling tunnelling problems. Aspects of soil behaviour that should 
be investigated include
■ anisotropic non-linear elasticity
■ stress reversals and their effect on stiffness 
■ the effect of stress path direction on stiffness
8-11
■ creep
Methods for realistically modelling the settlement of the top heading lining section. 
Analyses where the time-dependent stiffness of the shotcrete is modelled.
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